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Sir: 



BRIEF ON APPEAL 



Further to the Notice of Appeal filed October 22, 2003, and received by the USPTO on 
October 27, 2003, herewith are three copies of Appellants' Brief on Appeal. Appellants hereby 
request a one-month extension of time in order to file this Brief. Authorized fees include the 
statutory fee of $1 10.00 for a one-month extension of time, as well as the $ 330.00 fee for the 
filing of this Brief. 

This is an appeal from the decision of the Examiner finally rejecting claims 205, 206, 
208, 209, 211-215, 217, 224-226, and 228-231 of the above-identified application. 



(1) REAL PARTY IN INTEREST 
The above-identified application is assigned of record to Incyte Pharmaceuticals, Inc., 
(now Incyte Corporation, formerly known as Incyte Genomics, Inc. ) (Reel 012671, Frame 



0254) which is the real party in interest herein. 
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(2) RELATED APPEALS AND INTERFERENCES 
Appellants, their legal representative and the assignee are not aware of any related 
appeals or interferences which will directly affect or be directly affected by or have a bearing on 
the Board's decision in the instant appeal. 



Claims rejected: 
Claims allowed: 
Claims canceled: 
Claims withdrawn: 
Claims on Appeal: 



(3) STATUS OF THE CLAIMS 
Claims 205, 206, 208, 209, 211-215, 217, 224-226, and 228-231 
(none) 

Claims 1-204, 207, 210, 216, 218, and 227 
Claims 219-223 

Claims 205, 206, 208, 209, 211-215, 217, 224-226, and 228-231 
(A copy of the claims on appeal, as amended, can be found in the 
attached Appendix). 



(4) STATUS OF AMENDMENTS AFTER FINAL 
The Amendment after Final Rejection under 37 C.F.R. §1.116 filed August 27, 2003 
has been entered for purposes of this appeal. See the Advisory Action, mailed December 
19, 2003, indicating the Amendment would be entered upon filing of an appeal. 

(5) SUMMARY OF THE INVENTION 
Appellants' invention is directed to polynucleotides and polypeptides, including 
polynucleotides, comprising the polynucleotide sequence of SEQ ID NO:64, encoding the human 
annexin (INTRA- 12), comprising the amino acid sequence of SEQ ED NO: 12, and polypeptides 
comprising the amino acid sequence of SEQ ID NO: 12 (Specification, e.g., at page 7, line 18 
through page 8, line 2). Appellants' invention also includes complementary polynucleotides 
(e.g., at page 9, lines 1-6), recombinant polynucleotides encoding polypeptides comprising SEQ 
ID NO: 12 (e.g., at page 8, lines 9-12), host cells transformed with recombinant polynucleotides, 
and methods of making polypeptides encoded by the claimed polynucleotides (e.g., at page 8, 
lines 16-21, pages 31-36 and Example X at pages 67-68). In addition, Appellants' invention 
comprises polypeptides, including an isolated polypeptide comprising an amino acid sequence of 
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SEQ ID NO: 12 and compositions comprising a polypeptide comprising an amino acid sequence 
of SEQ ID NO: 12 and a pharmaceutically acceptable excipient (Specification, e.g., at page 9, 
lines 31-33). 

INTRA-12 has chemical and structural homology to human annexin 31 (g3688370; 
Specification, e.g., Table 2). The polynucleotides and polypeptides of the present invention are 
useful, for example, for toxicology testing, drug discovery, and diagnosis, prevention, and 
treatment of cancer, immune disorders, neurological disorders, and gastrointestinal disorders. 

(6) ISSUES 

1. Whether claims 205, 206, 208, 209, 21 1-215, 217, 224-226, and 228-231 directed 
to INTRA polypeptide sequences and the polynucleotides that encode them meet the utility 
requirement of 35 U.S.C. §101. 

2. Whether one of ordinary skill in the art would know how to use the claimed 
sequences, e.g., in toxicology testing, drug development, and the diagnosis of disease, so as to 
satisfy the enablement requirement of 35 U.S.C. §1 12, first paragraph. 

(7) GROUPING OF THE CLAIMS 

As to Issue 1 

All of the claims on appeal are grouped together. 
As to Issue 2 

All of the claims on appeal are grouped together. 

(8) APPELLANTS' ARGUMENTS 

THE FINAL REJECTION 

Claims 205, 206, 208, 209, 21 1-215, 217, 224-226, and 228-231 stand rejected under 35 
U.S.C. §§ 101 and 112, first paragraph, based on the allegation that the claimed invention lacks 
patentable utility. The rejection alleges in particular that: 
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• the claimed invention is not supported by either a specific and substantial asserted 
utility or a well-established utility. The specification discloses no uses for the 
broadly-claimed polynucleotides and polypeptides. A specific utility is one that is 
particular to the subject matter claimed, while a substantial utility is one that 
defines a "real world" use. Utilities that require or constitute carrying out further 
research to identify or reasonably confirm a "real world" context of use are not 
substantial utilities. 

• there is no well-established, specific and substantial utility for the claimed 
polynucleotides and polypeptides because the function of the polypeptide of SEQ ID 
NO: 12 has not been empirically determined; therefore, further experimentation 
would be required to determine the function of the protein. 

• the specification does not disclose whether the polynucleotide of SEQ ID NO:64 is 
differentially expressed in different cells or tissues, and therefore the gene is not a 
disease marker or an appropriate target for drug discovery or toxicology testing. 

• the utility of the claimed polynucleotides in toxicology testing is not specific because 
if any polynucleotide expressed in a human has utility in toxicology testing, then 
that polynucleotide has no specific utility as all polynucleotides would have such use. 

Issue 1 - Whether the claims meet the utility requirement of 35 U.S.C. § 101 

The rejection of claims 205, 206, 208, 209, 211-215, 217, 224-226, and 228-231 is 
improper, as the inventions of those claims have a patentable utility as set forth in the 
instant specification, and/or a utility well known to one of ordinary skill in the art. 

The invention at issue is a polynucleotide sequence corresponding to a gene that is 
expressed in reproductive, gastrointestinal, and nervous system tissues (Specification at Table 3). 
The invention also comprises polypeptides encoded by the claimed polynucleotides. As such, the 
claimed invention has numerous practical, beneficial uses in toxicology testing, drug 
development, and the diagnosis of disease, none of which require knowledge of how the 
polypeptide actually functions. 
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The similarity of the claimed polypeptide to another polypeptide of known, undisputed 
utility by itself demonstrates utility beyond the reasonable probability required by law. INTRA- 
12 is, in that regard, homologous to human annexin 31 (g3688370) (Specification, e.g., at Table 
2). In particular, SEQ ID NO: 12 shares 98% sequence identity with annexin 31. 

This is more than enough homology to demonstrate a reasonable probability that the 
utility of annexin 31 receptor can be imputed to the claimed invention. It is well-known that the 
probability that two unrelated polypeptides share more than 40% sequence homology over 70 
amino acid residues is exceedingly small. Brenner et al. y Proc. Natl. Acad. Sci. U.S.A. 95:6073- 
78 (1998). Given homology in excess of 40% over many more than 70 amino acid residues, the 
probability that the claimed polypeptide is related to annexin 31 is, accordingly, very high. 

The fact that the claimed polypeptide is a member of the annexin family alone 
demonstrates utility. Each of the members of this class, regardless of their particular functions, 
are useful. There is no evidence that any member of this class of polypeptides, let alone a 
substantial number of them, would not have some patentable utility. It follows that there is a 
more than substantial likelihood that the claimed polypeptide also has patentable utility, 
regardless of its actual function. The law has never required a patentee to prove more. 

There is, in addition, direct proof of the utility of the claimed invention. Appellants 
submitted previously the Declarations of Bedilion and Furness describing some of the practical 
uses of the claimed invention in gene and protein expression monitoring applications as they 
would have been understood at the time of the patent application. 

The Bedilion Declaration describes, in particular, how the claimed expressed 

polynucleotide can be used in gene expression monitoring applications that were well-known at 

the time the patent application was filed, and how those applications are useful in developing 

drugs and monitoring their activity. Dr. Bedilion states that the claimed invention is a useful tool 

when employed as a highly specific probe in a cDNA microarray: 

Persons skilled in the art would appreciate that cDNA microarrays that contained the SEQ 
ID NO:12-encoding polynucleotides would be a more useful tool than cDNA microarrays 
that did not contain the polynucleotides in connection with conducting gene expression 
monitoring studies on proposed (or actual) drugs for treating cancer, immune disorders, 
neurological disorders, and gastrointestinal disorders for such purposes as evaluating their 
efficacy and toxicity. 
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The Patent Examiner does not dispute that the claimed polynucleotide can be used as a 
probe in cDNA microarrays and used in gene expression monitoring applications. Instead, the 
Patent Examiner contends that the claimed polynucleotide cannot be useful without precise 
knowledge of its biological function. But the law never has required knowledge of biological 
function to prove utility. It is the claimed invention's uses, not its functions, that are the subject 
of a proper analysis under the utility requirement. 

In any event, as demonstrated by the Bedilion Declaration, the person of ordinary skill in 
the art can achieve beneficial results from the claimed polynucleotide in the absence of any 
knowledge as to the precise function of the protein encoded by it. The uses of the claimed 
polynucleotide in gene expression monitoring applications are in fact independent of its precise 
function. 

The Furness Declaration describes, in particular, how the claimed polypeptide can be 
used in protein expression analysis techniques such as 2-D PAGE gels and western blots. Using 
the claimed invention with these techniques, persons of ordinary skill in the art can better assess, 
for example, the potential toxic affect of a drug candidate. (Furness Declaration at ^1 [11]). 

The Patent Examiner does not dispute that the claimed polypeptide can be used in 2-D 
PAGE gels and western blots to perform drug toxicity testing. Instead, the Patent Examiner 
contends that the claimed polypeptide cannot be useful without precise knowledge of its 
function. But the law never has required knowledge of biological function to prove utility. It is 
the claimed invention's uses, not its functions, that are the subject of a proper analysis under the 
utility requirement. 

In any event, as demonstrated by the Furness Declaration, the person of ordinary skill in 
the art can achieve beneficial results from the claimed polypeptide in the absence of any 
knowledge as to the precise function of the protein. The uses of the claimed polypeptide for gene 
expression monitoring applications including toxicology testing are in fact independent of its 
precise function. 

I. The Applicable Legal Standard 

To meet the utility requirement of sections 101 and 1 12 of the Patent Act, the patent 
applicant need only show that the claimed invention is "practically useful," Anderson v. Natta, 



118062 



6 



10/018,170 



Docket No.: PF-0733 USN 

480 F.2d 1392, 1397, 178 USPQ 458 (CCPA 1973) and confers a "specific benefit" on the 

public. Brenner v. Manson, 383 U.S. 519, 534-35, 148 USPQ 689 (1966). As discussed in a 

recent Court of Appeals for the Federal Circuit case, this threshold is not high: 

An invention is "useful" under section 101 if it is capable of providing some identifiable 
benefit. See Brenner v. Manson, 383 U.S. 519, 534 [148 USPQ 689] (1966); Brooktree 
Corp. v. Advanced Micro Devices, Inc., 977 F.2d 1555, 1571 [24 USPQ2d 1401] (Fed. 
Cir. 1992) ("to violate Section 101 the claimed device must be totally incapable of 
achieving a useful result"); Fuller v. Berger, 120 F. 274, 275 (7th Cir. 1903) (test for 
utility is whether invention "is incapable of serving any beneficial end"). 

Juicy Whip Inc. v. Orange Bang Inc., 51 USPQ2d 1700 (Fed. Cir. 1999). 

While an asserted utility must be described with specificity, the patent applicant need not 

demonstrate utility to a certainty. In Stiftung v. Renishaw PLC, 945 F.2d 1 173, 1 180, 

20 USPQ2d 1094 (Fed. Cir. 1991), the United States Court of Appeals for the Federal Circuit 

explained: 

An invention need not be the best or only way to accomplish a certain result, and it need 
only be useful to some extent and in certain applications: "[T]he fact that an invention has 
only limited utility and is only operable in certain applications is not grounds for finding 
lack of utility." Envirotech Corp. v. Al George, Inc., 730 F.2d 753, 762, 221 USPQ 473, 
480 (Fed. Cir. 1984). 

The specificity requirement is not, therefore, an onerous one. If the asserted utility is 
described so that a person of ordinary skill in the art would understand how to use the claimed 
invention, it is sufficiently specific. See Standard Oil Co. v. Montedison, S.p.a., 212 U.S.P.Q. 
327, 343 (3d Cir. 1981). The specificity requirement is met unless the asserted utility amounts to 
a "nebulous expression" such as "biological activity" or "biological properties" that does not 
convey meaningful information about the utility of what is being claimed. Cross v. Iizuka, 
753 F.2d 1040, 1048 (Fed. Cir. 1985). 

In addition to conferring a specific benefit on the public, the benefit must also be 
"substantial." Brenner, 383 U.S. at 534. A "substantial" utility is a practical, "real-world" 
utility. Nelson v. Bowler, 626 F.2d 853, 856, 206 USPQ 881 (CCPA 1980). 

If persons of ordinary skill in the art would understand that there is a "well-established" 
utility for the claimed invention, the threshold is met automatically and the applicant need not 
make any showing to demonstrate utility. Manual of Patent Examination Procedure at 
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§ 706.03(a). Only if there is no "well-established" utility for the claimed invention must the 
applicant demonstrate the practical benefits of the invention. Id. 

Once the patent applicant identifies a specific utility, the claimed invention is presumed 
to possess it. In re Cortright, 165 R3d 1353, 1357, 49 USPQ2d 1464 (Fed. Cir. 1999); In re 
Brana, 51 F.3d 1560, 1566; 34 USPQ2d 1436 (Fed. Cir. 1995). In that case, the Patent Office 
bears the burden of demonstrating that a person of ordinary skill in the art would reasonably 
doubt that the asserted utility could be achieved by the claimed invention. Id. To do so, the 
Patent Office must provide evidence or sound scientific reasoning. See In re hanger, 503 F.2d 
1380, 1391-92, 183 USPQ 288 (CCPA 1974). If and only if the Patent Office makes such a 
showing, the burden shifts to the applicant to provide rebuttal evidence that would convince the 
person of ordinary skill that there is sufficient proof of utility. Brana, 51 F.3d at 1566. The 
applicant need only prove a "substantial likelihood" of utility; certainty is not required. Brenner, 
383 U.S. at 532. 

II. Uses of the claimed polypeptides and polynucleotides for diagnosis of conditions and 
disorders characterized by expression of INTRA, for toxicology testing, and for 
drug discovery are sufficient utilities under 35 U.S.C. §§ 101 and 112, first 
paragraph 

The claimed invention meets all of the necessary requirements for establishing a credible 
utility under the Patent Law: There are "well-established" uses for the claimed invention known 
to persons of ordinary skill in the art, and there are specific practical and beneficial uses for the 
invention disclosed in the patent application's specification. These uses are explained, in detail, 
in the Bedilion Declaration and the Furness Declaration accompanying this brief. Objective 
evidence, not considered by the Patent Office, further corroborates the credibility of the asserted 
utilities. 
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A. The use of INTRA for toxicology testing, drug discovery, and disease 
diagnosis are practical uses that confer "specific benefits" to the public 

The claimed invention has specific, substantial, real-world utility by virtue of its use in 
toxicology testing, drug development and disease diagnosis through gene expression profiling. 
These uses are explained in detail in the accompanying Bedilion Declaration and Furness 
Declaration, the substance of which is not rebutted by the Patent Examiner. There is no dispute 
that the claimed polynucleotide is in fact a useful tool in cDNA microarrays used to perform gene 
expression analysis and that the claimed polypeptide is a useful tool in two-dimensional 
polyacrylamide gel electrophoresis ("2-D PAGE") analysis and western blots used to monitor 
protein expression and assess drug toxicity. These uses are sufficient to establish utilities for the 
claimed polynucleotide and polypeptide, respectively. 

The instant application claims priority to United States Provisional Patent Application 
Serial No. 60/139,566 filed on June 16, 1999 (hereinafter "the Yue '566 application"). 

1. The Bedilion Declaration 

In his Declaration, Dr. Bedilion explains the many reasons why a person skilled in the art 
reading the Yue '566 application on June 16, 1999 would have understood that application to 
disclose the claimed polynucleotide to be useful for a number of gene expression monitoring 
applications, e.g., as a highly specific probe for the expression of that specific polynucleotide in 
connection with the development of drugs and the monitoring of the activity of such drugs. 
(Bedilion Declaration at, e.g., ff 10-15). Much, but not all, of Dr. Bedilion's explanation 
concerns the use of the claimed polynucleotide in cDNA microarrays of the type first developed 
at Stanford University for evaluating the efficacy and toxicity of drugs, as well as for other 
applications. (Bedilion Declaration, ff 12 and 15). 1 

In connection with his explanations, Dr. Bedilion states that the "Yue '566 specification 
would have led a person skilled in the art on June 16, 1999 who was using gene expression 



! Dr. Bedilion also explained, for example, why persons skilled in the art would also 
appreciate, based on the Yue '566 specification, that the claimed polynucleotide would be useful 
in connection with developing new drugs using technology, such as Northern analysis, that 
predated by many years the development of the cDNA technology (Bedilion Declaration, f 16). 
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monitoring in connection with working on developing new drugs for the treatment of cancer, 
immune disorders, neurological disorders, and gastrointestinal disorders [a] to conclude that a 
cDNA microarray that contained the SEQ ID NO:12-encoding polynucleotides would be a 
highly useful tool, and [b] to request specifically that any cDNA microarray that was being used 
for such purposes contain the SEQ ID NO:12-encoding polynucleotides" (Bedilion Declaration, 
f 15 ). For example, as explained by Dr. Bedilion, "[p]ersons skilled in the art would [have 
appreciated on June 16, 1999] that a cDNA microarray that contained the SEQ ID NO: 12- 
encoding polynucleotides would be a more useful tool than a cDNA microarray that did not 
contain the polynucleotides in connection with conducting gene expression monitoring studies on 
proposed (or actual) drugs for treating cancer, immune disorders, neurological disorders, and 
gastrointestinal disorders for such purposes as evaluating their efficacy and toxicity." Id. 

In support of those statements, Dr. Bedilion provided detailed explanations of how cDNA 
technology can be used to conduct gene expression monitoring evaluations, with extensive 
citations to pre- June 16, 1999 publications showing the state of the art on June 16, 1999. 
(Bedilion Declaration, % f 10-14). While Dr. Bedilion's explanations in paragraph 15 of his 
Declaration include almost three pages of text and six subparts (a)-(f), he specifically states that 
his explanations are not "all-inclusive." Id. For example, with respect to toxicity evaluations, 
Dr. Bedilion had earlier explained how persons skilled in the art who were working on drug 
development on June 16, 1999 (and for several years prior to June 16, 1999) "without any doubt" 
appreciated that the toxicity (or lack of toxicity) of any proposed drug was "one of the most 
important criteria to be evaluated in connection with the development of the drug" and how the 
teachings of the Yue '566 application clearly include using differential gene expression analyses 
in toxicity studies (Bedilion Declaration, f 10). 

Thus, the Bedilion Declaration establishes that persons skilled in the art reading the Yue 
'566 application at the time it was filed "would have wanted their cDNA microarray to have a 
[SEQ ID NO:12-encoding polynucleotide probe] because a microarray that contained such a 
probe (as compared to one that did not) would provide more useful results in the kind of gene 
expression monitoring studies using cDNA microarrays that persons skilled in the art have been 
doing since well prior to June 16, 1999" (Bedilion Declaration, f 15, item (f)). This, by itself, 
provides more than sufficient reason to compel the conclusion that the Yue '566 application 
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disclosed to persons skilled in the art at the time of its filing substantial, specific and credible 
real-world utilities for the claimed polynucleotide. 

Nowhere does the Patent Examiner address the fact that, as described on pp. 33-34 of the 
Yue '566 application, the claimed polynucleotides can be used as highly specific probes in, for 
example, cDNA microarrays - probes that without question can be used to measure both the 
existence and amount of complementary RNA sequences known to be the expression products of 
the claimed polynucleotides. The claimed invention is not, in that regard, some random sequence 
whose value as a probe is speculative or would require further research to determine. 

Given the fact that the claimed polynucleotide is known to be expressed, its utility as a 
measuring and analyzing instrument for expression levels is as indisputable as a scale's utility for 
measuring weight. This use as a measuring tool, regardless of how the expression level data 
ultimately would be used by a person of ordinary skill in the art, by itself demonstrates that the 
claimed invention provides an identifiable, real-world benefit that meets the utility requirement. 
Raytheon v. Roper, 724 F.2d 951, (Fed. Cir. 1983) (claimed invention need only meet one of its 
stated objectives to be useful); In re Cortwright, 165 F.3d 1353, 1359 (Fed. Cir. 1999) (how the 
invention works is irrelevant to utility); MPEP § 2107 ("Many research tools such as gas 
chromatographs, screening assays, and nucleotide sequencing techniques have a clear, specific, 
and unquestionable utility (e.g., they are useful in analyzing compounds )" (emphasis added)). 

Though Applicants need not so prove to demonstrate utility, there can be no reasonable 
dispute that persons of ordinary skill in the art have numerous uses for information about relative 
gene expression including, for example, understanding the effects of a potential drug for treating 
cancer, immune disorders, neurological disorders, and gastrointestinal disorders. Because the 
patent application states explicitly that the claimed polynucleotide is known to be expressed in 
reproductive, gastrointestinal, and nervous system tissues and in tissues associated with cancer 
and inflammation (see the Yue '566 application at Table 3), and expresses a protein that is a 
member of the annexin family known to be associated with diseases such as cancer, immune 
disorders, neurological disorders, and gastrointestinal disorders, there can be no reasonable 
dispute that a person of ordinary skill in the art could put the claimed invention to such use. In 
other words, the person of ordinary skill in the art can derive more information about a potential 
cancer, immune disorders, neurological disorders, and gastrointestinal disorders drug candidate 



118062 



11 



10/018,170 



Docket No.: PF-0733 USN 

or potential toxin with the claimed invention than without it (see Bedilion Declaration at, e.g., 
f 15, subparts (e)-(f)). 

The Bedilion Declaration shows that a number of pre-June 16, 1999 publications confirm 

and further establish the utility of cDNA microarrays in a wide range of drug development gene 

expression monitoring applications at the time the Yue '566 application was filed (Bedilion 

Declaration ffl 10-14; Bedilion Exhibits A-G). Indeed, Brown and Shalon U.S. Patent No. 

5,807,522 (the Brown '522 patent, Bedilion Exhibit D), which issued from a patent application 

filed in June 1995 and was effectively published on December 29, 1995 as a result of the 

publication of a PCT counterpart application, shows that the Patent Office recognizes the 

patentable utility of the cDNA technology developed in the early to mid-1990s. As explained by 

Dr. Bedilion, among other things (Bedilion Declaration, f 12): 

The Brown '522 patent further teaches that the "[m]icroarrays of immobilized 
nucleic acid sequences prepared in accordance with the invention" can be used in 
"numerous" genetic applications, including "monitoring of gene expression" 
applications (see Bedilion Tab D at col. 14, lines 36-42). The Brown '522 patent 
teaches (a) monitoring gene expression (i) in different tissue types, (ii) in different 
disease states, and (iii) in response to different drugs, and (b) that arrays disclosed 
therein may be used in toxicology studies (see Bedilion Tab D at col. 15, lines 13- 
18 and 52-58 and col. 18, lines 25-30). 

Literature reviews published shortly after the filing of the Yue '566 application describing 

the state of the art further confirm the claimed invention's utility. Rockett et al. confirm, for 

example, that the claimed invention is useful for differential expression analysis regardless of 

how expression is regulated: 

Despite the development of multiple technological advances which have recently 
brought the field of gene expression profiling to the forefront of molecular 
analysis, recognition of the importance of differential gene expression and 
characterization of differentially expressed genes has existed for many years. 

* * * 

Although differential expression technologies are applicable to a broad range of 
models, perhaps their most important advantage is that, in most cases, absolutely 
no prior knowledge of the specific genes which are up- or down-regulated is 
required. 

* * * 
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Whereas it would be informative to know the identity and functionality of all 
genes up/down regulated by . . . toxicants, this would appear a longer term goal 
.... However, the current use of gene profiling yields a pattern of gene changes 
for a xenobiotic of unknown toxicity which may be matched to that of well 
characterized toxins, thus alerting the toxicologist to possible in vivo similarities 
between the unknown and the standard, thereby providing a platform for more 
extensive toxicological examination, (emphasis added) 

Rockett et al., Differential gene expression in drug metabolism and toxicology: practicalities, 

problems and potential , 29 Xenobiotica No. 7, 655 (1999). 

In another pre-June 16, 1999 article, Lashkari et al. state explicitly that sequences that are 

merely "predicted" to be expressed (predicted Open Reading Frames, or ORFs) - the claimed 

invention in fact is known to be expressed - have numerous uses: 

Efforts have been directed toward the amplification of each predicted ORF or any 
other region of the genome ranging from a few base pairs to several kilobase 
pairs. There are many uses for these amplicons- they can be cloned into standard 
vectors or specialized expression vectors, or can be cloned into other specialized 
vectors such as those used for two-hybrid analysis. The amplicons can also be 
used directly by, for example, arraying onto glass for expression analysis , for 
DNA binding assays, or for any direct DNA assay. 

Lashkari et al., Whole genome analysis: Experimental access to all genome sequenced segments 
through larger-scale efficient oligonucleotide synthesis and PCR , 94 Proc. Nat. Acad. Sci. 8945 
(Aug. 1997) (emphasis added). 

In his Declaration, Mr. Furness explains the many reasons why a person skilled in the art who 
read the Yue '566 application on June 16, 1999 would have understood that application to 
disclose the claimed polypeptide to be useful for a number of gene and protein expression 
monitoring applications, e.g., in 2-D PAGE technologies, in connection with the development of 
drugs and the monitoring of the activity of such drugs. (Furness Declaration at, e.g., ffl 10-14). 
Much, but not all, of Mr. Furness' explanation concerns the use of the claimed polypeptide in the 
creation of protein expression maps using 2-D PAGE. 

2-D PAGE technologies were developed during the 1980's. Since the early 1990's, 2-D 
PAGE has been used to create maps showing the differential expression of proteins in different 
cell types or in similar cell types in response to drugs and potential toxic agents. Each expression 
pattern reveals the state of a tissue or cell type in its given environment, e.g., in the presence or 
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absence of a drug. By comparing a map of cells treated with a potential drug candidate to a map 
of cells not treated with the candidate, for example, the potential toxicity of a drug can be 
assessed. (Furness Declaration at f 10.) 

The claimed invention makes 2-D PAGE analysis a more powerful tool for toxicology 
and drug efficacy testing. A person of ordinary skill in the art can derive more information about 
the state or states or tissue or cell samples from 2-D PAGE analysis with the claimed invention 
than without it. As Mr. Furness explains: 

In view of the Yue '566 application, the Wilkins article, and other related pre- 
June 1999 publications, persons skilled in the art on June 16, 1999 clearly would 
have understood the Yue '566 application to disclose the SEQ ID NO: 12 
polypeptide to be useful in 2-D PAGE analyses for the development of new drugs 
and monitoring the activities of drugs for such purposes as evaluating their 
efficacy and toxicity .... (Furness Declaration, flO) 

* * * 

Persons skilled in the art would appreciate that a 2-D PAGE map that utilized the 
SEQ ID NO: 12 polypeptide sequence would be a more useful tool than a 2-D 
PAGE map that did not utilize this protein sequence in connection with 
conducting protein expression monitoring studies on proposed (or actual) drugs 
for treating cancer, immune disorders, neurological disorders, and gastrointestinal 
disorders for such purposes as evaluating their efficacy and toxicity. (Furness 
Declaration, fl2) 

Mr. Furness' observations are confirmed in the literature published before the filing of the 
patent application. Wilkins, for example, describes how 2-D gels are used to define proteins 
present in various tissues and measure their levels of expression, the data from which is in turn 
used in databases: 

For proteome projects, the aim of [computer-aided 2-D PAGE] analysis ... is to 
catalogue all spots from the 2-D gel in a qualitative and if possible quantitative 
manner, so as to define the number of proteins present and their levels of 
expression. Reference gel images, constructed from one or more gels, for the 
basis of two-dimensional gel databases. (Wilkins, Tab C, p. 26). 
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B. The use of polynucleotides and polypetides expressed by humans as tools for 
toxicology testing, drug discovery, and the diagnosis of disease is now "well- 
established" 

The technologies made possible by expression profiling using polynucleotides and 
polypeptides are now well-established. The technical literature recognizes not only the 
prevalence of these technologies, but also their unprecedented advantages in drug development, 
testing and safety assessment. These technologies include toxicology testing, as described by 
Bedilion and Furness in their Declarations. 



Toxicology testing is now standard practice in the pharmaceutical industry. See, e.g., 

John C. Rockett et al., supra: 

Knowledge of toxin-dependent regulation in target tissues is not solely an academic 
pursuit as much interest has been generated in the pharmaceutical industry to harness this 
technology in the early identification of toxic drug candidates, thereby shortening the 
developmental process and contributing substantially to the safety assessment of new 
drugs. 

To the same effect are several other scientific publications, including Emile F. Nuwaysir et al., 

Microarravs and Toxicology: The Advent of Toxicogenomics , 24 Molecular Carcinogenesis 153 

(1999); Sandra Steiner and N. Leigh Anderson, Expression profiling in toxicology — potentials 

and limitations , 112-13 Toxicology Letters 467 (2000). 

Nucleic acids useful for measuring the expression of whole classes of genes are routinely 

incorporated for use in toxicology testing. Nuwaysir et al. describes, for example, a Human 

ToxChip comprising 2089 human clones, which were selected 

for their well-documented involvement in basic cellular processes as well as their 
responses to different types of toxic insult. Included on this list are DNA replication and 
repair genes, apoptosis genes, and genes responsive to PAHs and dioxin-like compounds, 
peroxisome proliferators, estrogenic compounds, and oxidant stress. Some of the other 
categories of genes include transcription factors, oncogenes, tumor suppressor genes, 
cyclins, kinases, phosphatases, cell adhesion and motility genes, and homeobox genes. 
Also included in this group are 84 housekeeping genes, whose hybridization intensity is 
averaged and used for signal normalization of the other genes on the chip. 

See also Table 1 of Nuwaysir et al. (listing additional classes of genes deemed to be of special 

interest in making a human toxicology microarray). 
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The more genes that are available for use in toxicology testing, the more powerful the 
technique. "Arrays are at their most powerful when they contain the entire genome of the species 
they are being used to study." John C Rockett and David J. Dix, A pplication of DNA Arrays to 
Toxicology , 107 Environ. Health Perspec.681, No. 8 (1999). Control genes are carefully selected 
for their stability across a large set of array experiments in order to best study the effect of 
toxicological compounds. See attached email from the primary investigator on the Nuwaysir 
paper, Dr. Cynthia Afshari, to an Incyte employee, dated July 3, 2000, as well as the original 
message to which she was responding, indicating that even the expression of carefully selected 
control genes can be altered. Thus, there is no expressed gene which is irrelevant to screening 
for toxicological effects, and all expressed genes have a utility for toxicological screening. 

In fact, the potential benefit to the public, in terms of lives saved and reduced health care 
costs, are enormous. Recent developments provide evidence that the benefits of this information 
are already beginning to manifest themselves. Examples include the following: 

• In 1999, CV Therapeutics, an Incyte collaborator, was able to use Incyte gene 
expression technology, information about the structure of a known transporter 
gene, and chromosomal mapping location, to identify the key gene associated with 
Tangiers disease. This discovery took place over a matter of only a few weeks, 
due to the power of these new genomics technologies. The discovery received an 
award from the American Heart Association as one of the top 10 discoveries 
associated with heart disease research in 1999. 

• In an April 9, 2000, article published by the Bloomberg news service, an Incyte 
customer stated that it had reduced the time associated with target discovery and 
validation from 36 months to 18 months, through use of Incyte's genomic 
information database. Other Incyte customers have privately reported similar 
experiences. The implications of this significant saving of time and expense for 
the number of drugs that may be developed and their cost are obvious. 

• In a February 10, 2000, article in the Wall Street Journal, one Incyte customer 
stated that over 50 percent of the drug targets in its current pipeline were derived 
from the Incyte database. Other Incyte customers have privately reported similar 
experiences. By doubling the number of targets available to pharmaceutical 
researchers, Incyte genomic information has demonstrably accelerated the 
development of new drugs. 
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C. The similarity of the claimed polypeptide to another of undisputed utility 
demonstrates utility 

Because there is a substantial likelihood that the claimed INTRA-12 is functionally 
related to annexin 31 and pemphaxin, a polypeptide of undisputed utility, there is by implication 
a substantial likelihood that the claimed polypeptide and the polynucleotide that encodes it are 
similarly useful. Appellants need not show any more to demonstrate utility. In re Brana, 51 
F.3d at 1567. 

It is undisputed that the polypeptide encoded for by the claimed polynucleotide shares 
more than 98% sequence identity over 345 amino acid residues with annexin 31 (g3688370) 
(Specification, e.g., at Table 2). The presence of multiple annexin domain signatures in SEQ ID 
NO: 12 indicates that INTRA-12 is a member of the annexin family (see specification at Table 2). 
Members of the annexin family are known to function in phospholipid binding, membrane- 
cytoskeleton interactions, phospholipase inhibition, anticoagulation, and membrane fusion 
(Specification at page 4, lines 18-24) and have been implicated in cancer, neurodegenerative 
diseases, autoimmune diseases, and inflammatory bowel diseases (enclosed references of Bastian 
(1997) Cell. Mol. Life Sci. 53:554-556; Eberhard et al. (1994) Am. J. Pathol. 145:640-649; and 
Gerke and Moss (2002) Physiol. Rev. 82:331-371). 

CLUSTALW analysis shows that SEQ ID NO: 12 is 99.7% identical to pemphaxin (see 
Exhibit C of the Response to the Final Office Action of June 30, 2003). Although, the Examiner 
argues that SEQ ID NO: 12 is "structurally distinct from pemphaxin" and therefore "cannot be 
pemphaxin" (Advisory Action, page 6), Applicants note that the sequence of SEQ ID NO: 12 and 
pemphaxin share 344 out of 345 residues in common. Thus, SEQ ID NO: 12 is pemphaxin. 
Pemphaxin acts as a cell surface cholinergic receptor involved in the regulation of keratinocyte 
cell adhesion and is known to be associated with the autoimmune disorder, pemphigus vulgaris 
(see article of Nguyen et al J. Biol. Chem. (2000) 275:29466-29476, previously submitted as 
Exhibit B of the Response to the Final Office Action of June 30, 2003). Nguyen et al. identified 
pemphaxin in a screen for self-antigens recognized by pathogenic autoantibodies associated with 
the autoimmune disorder pemphigus vulgaris. Pemphaxin is believed to be one of the major 
proteins targeted by the autoimmune disorder. This corroborates the statement on page 7 of the 
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Specification that the SEQ ID NO: 12 polypeptide and the polynucleotides encoding it may be 
useful in the diagnosis and treatment of autoimmune disorders. 

Members of the annexin class of proteins have been found to be useful cell markers 
because of their phospholipid binding properties and their association with the plasma membrane 
(See the response to the Office Action of January 10, 2003 at page 22). Annexin V has been 
used in radionuclide imaging as a marker of apoptosis to monitor the changes in phospholipid 
distribution that accompany cell death (enclosed references of Blankenberg et al. (1998) Proc. 
Natl. Acad. Sci. U.S.A. 95:6349-6354 and Blankenberg et al. (2000) Eur. J. Nucl. Med. 27:359- 
367). Radionuclide imaging with radiolabled annexins may be useful for diagnosis of stroke, 
neurodegenerative diseases, inflammatory diseases, myocardial ischemia, myelodysplastic 
disorders, organ transplantation, and cancer. 

Although, the Examiner has pointed out the absence of type II calcium binding sites in 
annexin 31, and argues that the SEQ ED NO:12 protein "would not have the phospholipid binding 
ability of other annexins" (Final Office Acton, page 22), Applicants disagree. Other members of 
the annexin family display both calcium-dependent and calcium-independent binding to 
phospholipids. For example, annexin I has a calcium-independent form that associates with 
membranes in the absence of calcium. Phosphorylation of the calcium-independent form of 
annexin I by epidermal growth factor kinase converts annexin I to a calcium-dependent form that 
requires calcium for membrane association (See enclosed reference of Futter et al. (1993) J. Cell 
Biol. 120:77-83). Annexin II, annexin All, and annexin XIII also are able to associate with 
membranes in the absence of calcium. (Also see the enclosed references of Jost et al. (1997) J. 
Cell Science 1 10:221-228, Lecona et al. (2003) Biochem. J. 373:437-449, and Lecat et al. (2000) 
J. Cell Science 113:2607-2618). Thus, the calcium binding site is not required in all annexins to 
confer phospholipid binding properties. The SEQ ID NO: 12 polypeptide, as a member of the 
annexin family, more likely than not, is a phospholipid binding protein, and as such, is useful 
like other members of the annexin family. 

The Examiner must accept the applicants' assertion that the polypeptide encoded for by 
the claimed invention is pemphaxin and thus has its utility unless the Examiner can demonstrate 
through evidence or sound scientific reasoning that a person of ordinary skill in the art would 
doubt that SEQ ID NO:12 is pemphaxin. See In re Langer, 503 F.2d 1380, 1391-92, 183 USPQ 
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288 (CCPA 1974). The Examiner has not provided sufficient evidence or sound scientific 
reasoning to the contrary. 

While the Examiner has cited literature: Smith et al. (Nat. Biotech 15:1222-1223, 1997); 
Brenner et al. (Trends in Genetics, 15:132-133, 1999); and Seffernick et al. (J. Bacteriol. 
183:2405-2410, 2001, identifying some of the difficulties that may be involved in predicting 
protein function, none suggests that functional homology cannot be inferred by a reasonable 
probability in this case. Most important, none contradicts Brenner's basic rule that sequence 
homology in excess of 40% over 70 or more amino acid residues yields a high probability of 
functional homology as well. At most, these articles individually and together stand for the 
proposition that it is difficult to make predictions about function with certainty. The standard 
applicable in this case is not, however, proof to certainty, but rather proof to reasonable 
probability. 

The Seffernick et al. reference cited by the Examiner does not contradict the findings of 
Brenner et al. The Seffernick et al. reference describes two enzymes, a melamine deaminase and 
an atrazine chlorohydrolase, that are 98% identical, yet have different substrate specificities. 
These two enzymes belong to a class of bacterial amidohydrolases whose members catalyze the 
hydrolytic displacement of amino groups or chlorine substituents from triazine ring compounds. 
Notably, the substrates of the two enzymes, melamine and atrazine, have similar structures 
except that melamine possesses an amino group and atrazine possesses a chlorine substituent. 
Some other members of the amidohydrolase superfamily catalyze deamination and 
dechlorination reactions with both triazine ring substrates. Therefore, the 98% sequence 
homology between melamine deaminase and atrazine chlorohydrolase correctly predicts their 
functional similarity and their membership in a common enzyme family. As noted by the 
Examiner, Seffernick et al. recognize that "functional assignments based on >50% sequence 
identity are considered to be reasonably sound" (Seffernick et al., page 2409, left column, 
paragraph 2). 

Furthermore, the Examiner has not provided evidence that any member of the annexin 
family, let alone a substantial number of those members, is not useful. In such circumstances, 
the only reasonable inference is that the polypeptide encoded by the claimed invention, like the 
other members of the annexin protein family, must be useful. 
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D. Objective evidence corroborates the utilities of the claimed invention 

There is, in fact, no restriction on the kinds of evidence a Patent Examiner may consider 
in determining whether a "real-world" utility exists. Indeed, "real-world" evidence, such as 
evidence showing actual use or commercial success of the invention, can demonstrate conclusive 
proof of utility. Raytheon v. Roper, 220 USPQ2d 592 (Fed. Cir. 1983); Nestle v. Eugene, 55 
F.2d 854, 856, 12 USPQ 335 (6th Cir. 1932). Indeed, proof that the invention is made, used or 
sold by any person or entity other than the patentee is conclusive proof of utility. United States 
Steel Corp. v. Phillips Petroleum Co., 865 F.2d 1247, 1252, 9 USPQ2d 1461 (Fed. Cir. 1989). 

Over the past several years, a vibrant market has developed for databases containing all 
expressed genes (along with the polypeptide translations of those genes), in particular genes 
having medical and pharmaceutical significance such as the instant sequence. (Note that while 
the value in these databases is enhanced by their completeness, each sequence in them is 
independently valuable nonetheless.) The databases sold by Appellants' assignee, Incyte, include 
exactly the kinds of information made possible by the claimed invention, such as tissue and 
disease associations. Incyte sells its database containing the claimed sequence and millions of 
other sequences throughout the scientific community, including to pharmaceutical companies 
who use the information to develop new pharmaceuticals. 

Both Incyte' s customers and the scientific community have acknowledged that Incyte' s 
databases have proven to be valuable in, for example, the identification and development of drug 
candidates. As Incyte adds information to its databases, including the information that can be 
generated only as a result of Incyte' s discovery of the claimed polynucleotide and its use of that 
polynucleotide on cDNA microarrays, the databases become even more powerful tools. Thus the 
claimed invention adds more than incremental benefit to the drug discovery and development 
process. 

III. The Patent Examiner's Rejections Are Without Merit 

Rather than responding to the evidence demonstrating utility, the Examiner attempts to 
dismiss it altogether by arguing that the disclosed and well-established utilities for the claimed 
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polynucleotide and polypeptide are not "specific and substantial" utilities. (Office Action of 
January 10, 2003 at p. 4.) The Examiner is incorrect both as a matter of law and as a matter of 
fact. 

A. The Precise Biological Role Or Function Of An Expressed Polynucleotide or 
Polypeptide Is Not Required To Demonstrate Utility 

The Patent Examiner's primary rejection of the claimed invention is based on the ground 
that, without information as to the precise "biological role" of the claimed invention, the claimed 
invention's utility is not sufficiently specific. According to the Examiner, it is not enough that a 
person of ordinary skill in the art could use and, in fact, would want to use the claimed invention 
either by itself or in a microarray, 2-D gel or western blot to monitor the expression of genes for 
such applications as the evaluation of a drug's efficacy and toxicity. The Examiner would 
require, in addition, that the Appellant provide a specific and substantial interpretation of the 
results generated in any given expression analysis. 

It may be that specific and substantial interpretations and detailed information on 
biological function are necessary to satisfy the requirements for publication in some technical 
journals, but they are not necessary to satisfy the requirements for obtaining a United States 
patent. The relevant question is not, as the Examiner would have it, whether it is known how or 
why the invention works, In re Cortwright, 165 F.3d 1353, 1359 (Fed. Cir. 1999), but rather 
whether the invention provides an "identifiable benefit" in presently available form. Juicy Whip 
Inc. v. Orange Bang Inc., 185 F.3d 1364, 1366 (Fed. Cir. 1999). If the benefit exists, and there is 
a substantial likelihood the invention provides the benefit, it is useful. There can be no doubt, 
particularly in view of the Bedilion Declaration (at, e.g., H 10 and 15, Bedilion) and the Furness 
Declaration (at, e.g., TO 10-13), that the present invention meets this test. 

The threshold for determining whether an invention produces an identifiable benefit is 
low. Juicy Whip, 185 F.3d at 1366. Only those utilities that are so nebulous that a person of 
ordinary skill in the art would not know how to achieve an identifiable benefit and, at least 
according to the PTO guidelines, so-called "throwaway" utilities that are not directed to a person 
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of ordinary skill in the art at all, do not meet the statutory requirement of utility. Utility 

Examination Guidelines, 66 Fed. Reg. 1092 (Jan. 5, 2001). 

Knowledge of the biological function or role of a biological molecule has never been 

required to show real-world benefit. In its most recent explanation of its own utility guidelines, 

the PTO acknowledged so much (66 F.R. at 1095): 

[T]he utility of a claimed DNA does not necessarily depend on the function of the 
encoded gene product. A claimed DNA may have specific and substantial utility 
because, e.g., it hybridizes near a disease-associated gene or it has gene-regulating 
activity. 

By implicitly requiring knowledge of biological function for any claimed nucleic acid, the 
Examiner has, contrary to law, elevated what is at most an evidentiary factor into an absolute 
requirement of utility. Rather than looking to the biological role or function of the claimed 
invention, the Examiner should have looked first to the benefits it is alleged to provide. 

B. Membership in a Class of Useful Products Can Be Proof of Utility 

Despite the uncontradicted evidence that the claimed polypeptide is related to pemphaxin, 
a member of the annexin family, whose members indisputably are useful, the Examiner refused 
to impute the utility of pemphaxin to INTRA-12. In the Office Action of January 10, 2003, the 
Patent Examiner takes the position that unless Appellants can identify which particular annexin 
function is possessed by INTRA-12, utility cannot be imputed. 

In order to demonstrate utility by membership in a class, the law requires only that the 
class not contain a substantial number of useless members. So long as the class does not contain 
a substantial number of useless members, there is sufficient likelihood that the claimed invention 
will have utility, and a rejection under 35 U.S.C. § 101 is improper. That is true regardless of 
how the claimed invention ultimately is used and whether or not the members of the class 
possess one utility or many. See Brenner v. Manson, 383 U.S. 519, 532 (1966); Application of 
Kirk, 376 F.2d 936, 943 (CCPA 1967). 

Membership in a "general" class is insufficient to demonstrate utility only if the class 
contains a sufficient number of useless members such that a person of ordinary skill in the art 
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could not impute utility by a substantial likelihood. There would be, in that case, a substantial 
likelihood that the claimed invention is one of the useless members of the class. In the few cases 
in which class membership did not prove utility by substantial likelihood, the classes did in fact 
include predominately useless members. E.g., Brenner (man-made steroids); Kirk (same); Natta 
(man-made polyethylene polymers). 

The Examiner addresses INTRA- 12 as if the general class in which it is included is not 
the annexin family, but rather all polynucleotides or all polypeptides, including the vast majority 
of useless theoretical molecules not occurring in nature, and thus not pre-selected by nature to be 
useful. While these "general classes" may contain a substantial number of useless members, the 
annexin family does not. The annexin family is sufficiently specific to rule out any reasonable 
possibility that INTRA- 12 would not also be useful like the other members of the family. 

Because the Examiner has not presented any evidence that the annexin class of proteins 
has any, let alone a substantial number, of useless members, the Examiner must conclude that 
there is a "substantial likelihood" that the INTRA- 12 encoded by the claimed polynucleotides is 
useful. It follows that SEQ ID NO: 12 and SEQ ID NO:64 also are useful. 

Even if the Examiner's "common utility" criterion were correct - and it is not - the 
annexin family would meet it. It is undisputed that known members of the annexin family 
function in phospholipid binding, membrane-cytoskeleton interactions, phospholipase inhibition, 
anticoagulation, and membrane fusion. A person of ordinary skill in the art need not know any 
more about how the claimed invention functions to use it, and the Examiner presents no evidence 
to the contrary. Instead, the Examiner makes the conclusory observation that a person of 
ordinary skill in the art would need to know whether, for example, any given annexin functions 
in phospholipid binding, membrane-cytoskeleton interactions, or phospholipase inhibition. The 
Examiner then goes on to assume that the only use for INTRA- 12 absent knowledge as to how 
INTRA- 12 actually works is further study of INTRA- 12 itself. 

Not so. As demonstrated by Appellants, knowledge that INTRA-12 is an annexin related 
to annexin 31 is more than sufficient to make it useful for the diagnosis and treatment of cancer, 
immune disorders, neurological disorders, and gastrointestinal disorders. The Examiner must 
accept these facts to be true unless the Examiner can provide evidence or sound scientific 
reasoning to the contrary. But the Examiner has not done so. 
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C. Because the uses of polynucleotides encoding INTRA in toxicology testing, 
drug discovery, and disease diagnosis are practical uses beyond mere study 
of the invention itself, the claimed invention has substantial utility. 

The Examiner rejected the claims at issue on the ground that the use of an invention as 
tool for research is not a "substantial" use. Because the Examiner's rejection assumes a 
substantial overstatement of the law, and is incorrect in fact, it must be overturned. 

There is no authority for the proposition that use as a tool for research is not a substantial 
utility. Indeed, the Patent Office has recognized that just because an invention is used in a 
research setting does not mean that it lacks utility (MPEP § 2107): 

Many research tools such as gas chromatographs, screening assays, and nucleotide 
sequencing techniques have a clear, specific and unquestionable utility (e.g., they are 
useful in analyzing compounds). An assessment that focuses on whether an invention is 
useful only in a research setting thus does not address whether the specific invention is in 
fact "useful" in a patent sense. Instead, Office personnel must distinguish between 
inventions that have a specifically identified utility and inventions whose specific utility 
requires further research to identify or reasonably confirm. 

The Patent Office's actual practice has been, at least until the present, consistent with that 
approach. It has routinely issued patents for inventions whose only use is to facilitate research, 
such as DNA ligases. These are acknowledged by the PTO's Training Materials themselves to 
be useful, as well as DNA sequences used, for example, as markers. 

Only a limited subset of research uses are not "substantial" utilities: those in which the 
only known use for the claimed invention is to be an object of further study, thus merely inviting 
further research. This follows from Brenner, in which the U.S. Supreme Court held that a 
process for making a compound does not confer a substantial benefit where the only known use 
of the compound was to be the object of further research to determine its use. Id. at 535. 
Similarly, in Kirk, the Court held that a compound would not confer substantial benefit on the 
public merely because it might be used to synthesize some other, unknown compound that would 
confer substantial benefit. Kirk, 376 F.2d at 940, 945 ("What Appellants are really saying to 
those in the art is take these steroids, experiment, and find what use they do have as medicines."). 
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Nowhere do those cases state or imply, however, that a material cannot be patentable if it has 
some other beneficial use in research. 

Such beneficial uses beyond studying the claimed invention itself have been 
demonstrated, in particular those described in the Bedilion and Furness Declarations. The 
claimed invention is a tool, rather than an object, of research. The data generated in gene 
expression monitoring using the claimed invention as a tool is not used merely to study the 
claimed polynucleotide itself, but rather to study properties of tissues, cells, and potential drug 
candidates and toxins. Without the claimed invention, the information regarding the properties 
of tissues, cells, drug candidates and toxins is less complete. 

Moreover, as discussed above in section II D., SEQ ID NO: 12 shares homology with 
other members of the annexin family. Therefore, the skilled artisan would have considered 
INTRA to be an important and valuable tool, in particular, for use in research on cancer, immune 
disorders, neurological disorders, and gastrointestinal disorders. The claimed invention has 
numerous other uses as a research tool, each of which alone is a "substantial utility." These 
include uses such as diagnostic assays (e.g., pages 51-56), chromosomal markers (e.g., pages 56- 
57), and ligand screening assays (e.g., page 36). 

IV. By Requiring the Patent Applicant to Assert a Particular or Unique Utility, the 
Patent Examination Utility Guidelines and Training Materials Applied by the 
Patent Examiner Misstate the Law 

There is an additional, independent reason to overturn the rejections: to the extent the 
rejections are based on Revised Interim Utility Examination Guidelines (64 FR 71427, 
December 21, 1999), the final Utility Examination Guidelines (66 FR 1092, January 5, 2001) 
and/or the Revised Interim Utility Guidelines Training Materials (USPTO Website 
www.uspto.gov, March 1, 2000), the Guidelines and Training Materials are themselves 
inconsistent with the law. 

The Training Materials, which direct the Examiners regarding how to apply the Utility 
Guidelines, address the issue of specificity with reference to two kinds of asserted utilities: 
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"specific" utilities which meet the statutory requirements, and "general" utilities which do not. 

The Training Materials define a "specific utility" as follows: 

A [specific utility] is specific to the subject matter claimed. This contrasts to general 
utility that would be applicable to the broad class of invention. For example, a claim to a 
polynucleotide whose use is disclosed simply as "gene probe" or "chromosome marker" 
would not be considered to be specific in the absence of a disclosure of a specific DNA 
target. Similarly, a general statement of diagnostic utility, such as diagnosing an 
unspecified disease, would ordinarily be insufficient absent a disclosure of what condition 
can be diagnosed. 

The Training Materials distinguish between "specific" and "general" utilities by assessing 
whether the asserted utility is sufficiently "particular," i.e., unique (Training Materials at p.52) as 
compared to the "broad class of invention." (In this regard, the Training Materials appear to 
parallel the view set forth in Stephen G. Kunin, Written Description Guidelines and Utility 
Guidelines , 82 J.P.T.O.S. 77, 97 (Feb. 2000) ("With regard to the issue of specific utility the 
question to ask is whether or not a utility set forth in the specification is particular to the claimed 
invention.")). 

Such "unique" or "particular" utilities never have been required by the law. To meet the 
utility requirement, the invention need only be "practically useful," Natta, 480 F.2d 1 at 1397, 
and confer a "specific benefit" on the public. Brenner, 383 U.S. at 534. Thus, incredible "throw- 
away" utilities, such as trying to "patent a transgenic mouse by saying it makes great snake food," 
do not meet this standard. Karen Hall, Genomic Warfare , The American Lawyer 68 (June 2000) 
(quoting John Doll, Chief of the Biotech Section of USPTO). 

This does, not preclude, however, a general utility, contrary to the statement in the 
Training Materials where "specific utility" is defined (page 5). Practical real-world uses are not 
limited to uses that are unique to an invention. The law requires that the practical utility be 
"definite," not particular. Montedison, 664 F.2d at 375. Appellant is not aware of any court that 
has rejected an assertion of utility on the grounds that it is not "particular" or "unique" to the 
specific invention. Where courts have found utility to be too "general," it has been in those cases 
in which the asserted utility in the patent disclosure was not a practical use that conferred a 
specific benefit. That is, a person of ordinary skill in the art would have been left to guess as to 
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how to benefit at all from the invention. In Kirk, for example, the CCPA held the assertion that a 
man-made steroid had "useful biological activity" was insufficient where there was no informa- 
tion in the specification as to how that biological activity could be practically used. Kirk, 376 
F.2dat94L 

The fact that an invention can have a particular use does not provide a basis for requiring 
a particular use. See Brana, supra (disclosure describing a claimed antitumor compound as 
being homologous to an antitumor compound having activity against a "particular" type of cancer 
was determined to satisfy the specificity requirement). "Particularity" is not and never has been 
the sine qua non of utility; it is, at most, one of many factors to be considered. 

As described supra, broad classes of inventions can satisfy the utility requirement so long 
as a person of ordinary skill in the art would understand how to achieve a practical benefit from 
knowledge of the class. Only classes that encompass a significant portion of nonuseful members 
would fail to meet the utility requirement. Supra § II.B.2 {Montedison, 664 F.2d at 374-75). 

The Training Materials fail to distinguish between broad classes that convey information 
of practical utility and those that do not, lumping all of them into the latter, unpatentable category 
of "general" utilities. As a result, the Training Materials paint with too broad a brush. Rigorous- 
ly applied, they would render unpatentable whole categories of inventions that heretofore have 
been considered to be patentable and that have indisputably benefitted the public, including the 
claimed invention. See supra § MB. Thus the Training Materials cannot be applied consistently 
with the law. 

Issue 2 - Whether claims 205, 206, 208. 209, 211-215, 217, 224-226. and 228-231 meet the 
enablement requirement of 35 U.S.C. § 112, first paragraph 

To the extent the rejection of the claimed invention under 35 U.S.C. § 112, first 
paragraph, is based on the improper rejection for lack of utility under 35 U.S.C. § 101, it 
must be reversed. 

The rejection set forth in the Office Action is based on the assertions discussed above, 
i.e., that the claimed invention lacks patentable utility. To the extent that the rejection under 
§ 1 12, first paragraph, is based on the improper allegation of lack of patentable utility under 
§ 101, it fails for the same reasons. 
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CONCLUSION 

Appellants respectfully submit that rejections for lack of utility based, inter alia, on an 
allegation of "lack of specificity/' as set forth in the Office Action and as justified in the Revised 
Interim and final Utility Guidelines and Training Materials, are not supported in the law. Neither 
are they scientifically correct, nor supported by any evidence or sound scientific reasoning. 
These rejections are alleged to be founded on facts in court cases such as Brenner and Kirk, yet 
those facts are clearly distinguishable from the facts of the instant application, and indeed most if 
not all nucleotide and protein sequence applications. Nevertheless, the PTO is attempting to 
mold the facts and holdings of these prior cases, "like a nose of wax," 2 to target rejections of 
claims to polypeptide and polynucleotide sequences, as well as to claims to methods of detecting 
said polynucleotide sequences, where biological activity information has not been proven by 
laboratory experimentation, and they have done so by ignoring perfectly acceptable utilities fully 
disclosed in the specifications as well as well-established utilities known to those of skill in the 
art. As is disclosed in the specification, and even more clearly, as one of ordinary skill in the art 
would understand, the claimed invention has well-established, specific, substantial and credible 
utilities. The rejections are, therefore, improper and should be reversed. 

Moreover, to the extent the above rejections were based on the Revised Interim and final 
Examination Guidelines and Training Materials, those portions of the Guidelines and Training 
Materials that form the basis for the rejections should be determined to be inconsistent with the 
law. 

Due to the urgency of this matter, including its economic and public health implications, 
an expedited review of this appeal is earnestly solicited. 

If the USPTO determines that any additional fees are due, the Commissioner is hereby 
authorized to charge Deposit Account No. 09-0108. 
This brief is enclosed in triplicate 



2 "The concept of patentable subject matter under §101 is not 'like a nose of wax which 
may be turned and twisted in any direction * * *.' White v. Dunbar, 119 U.S. 47, 51." (Parker v. 
Flook, 198 USPQ 193 (US SupCt 1978)) 
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APPENDIX - CLAIMS ON APPEAL 



205. An isolated polypeptide comprising an amino acid sequence of SEQ ID NO: 12. 

206. A composition comprising a polypeptide of claim 205 and a pharmaceutically 
acceptable excipient. 

208. A method for treating a disease or condition associated with decreased expression 
of functional INTRA, comprising administering to a patient in need of such treatment the 
composition of claim 206. 

209. A method of screening for a compound that specifically binds to the polypeptide of 
claim 205, the method comprising: 

a) combining the polypeptide of claim 205 with at least one test compound under 
suitable conditions, and 

b) detecting binding of the polypeptide of claim 205 to the test compound, thereby 
identifying a compound that specifically binds to the polypeptide of claim 205. 

211. An isolated polynucleotide encoding a polypeptide comprising an amino acid 
sequence of SEQ ID NO: 12. 

212. An isolated polynucleotide of claim 21 1 comprising a polynucleotide sequence of 
SEQ ID NO:64. 

213. A recombinant polynucleotide comprising a promoter sequence operably linked to a 
polynucleotide of claim 211. 

214. A cell transformed with a recombinant polynucleotide of claim 213. 
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215. A method of producing a polypeptide comprising an amino acid sequence of SEQ 
ID NO: 12, the method comprising: 

a) culturing a cell under conditions suitable for expression of the polypeptide, 
wherein said cell is transformed with a recombinant polynucleotide, and said 
recombinant polynucleotide comprises a promoter sequence operably linked to a 
polynucleotide of claim 211, and 

b) recovering the polypeptide so expressed. 



217. An isolated polynucleotide selected from the group consisting of: 

a) a polynucleotide comprising a polynucleotide sequence of SEQ ID NO: 64, 

b) a polynucleotide completely complementary to a polynucleotide of a), and 

c) an RNA equivalent of a)-b). 



224. A microarray wherein at least one element of the microarray is a polynucleotide of 
claim 217. 



225. A method of generating an expression profile of a sample which contains 
polynucleotides, the method comprising: 

a) labeling the polynucleotides of the sample, 

b) contacting the microarray of claim 224 with the labeled polynucleotides of the 
sample under conditions suitable for the formation of a hybridization complex, 
and 

c) quantifying the expression of the polynucleotides in the sample. 

226. An array comprising different nucleic acids affixed in distinct physical locations on 
a solid substrate, wherein at least one of said nucleic acids comprises a first polynucleotide 
sequence completely complementary to a target polynucleotide, and wherein said target 
polynucleotide is a polynucleotide of claim 217. 

228. An array of claim 226, which is a microarray. 



118062 



32 



10/018,170 



Docket No.: PF-0733 USN 

229. An array of claim 226, further comprising said target polynucleotide hybridized to a 
nucleic acid comprising said first polynucleotide sequence. 

230. An array of claim 226, wherein a linker joins at least one of said nucleic acids to 
said solid substrate. 

23 1 . An array of claim 226, wherein each distinct physical location on the substrate 
contains multiple nucleic acids, and the multiple nucleic acids at any single distinct physical 
location have the same sequence, and each distinct physical location on the substrate contains 
nucleic acids having a sequence which differs from the sequence of nucleic acids at another 
distinct physical location on the substrate. 
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1 . An important feature of the work of many molecular biologists is identifying which 
genes are switched on and ofT in a cell under different environmental conditions or 
subsequent to xenobiotic challenge. Such information has many uses, including the 
deciphering of molecular pathways and facilitating the development of new experimental 
and diagnostic procedures. However, the student of gene hunting should be forgiven for 
perhaps becoming confused by the mountain of information available as there appears to be 
almost as many methods of discovering differentially expressed genes as there are research 
groups using the technique. 

2 . The aim of this review was to clarify the main methods of diff erential gene expression 
analysis and the mechanistic principles underlying them. Also included is a discussion on 
some of the practical aspects of using this technique. Emphasis is placed on the so-called 
'open ' systems, which require no prior knowledge of the genes contained within the study 
model. Whilst these will eventually be replaced by 'closed ' systems in the study of human, 
mouse and other commonly studied laboratory animals, they will remain a powerful tool for 
those examining less fashionable models. 

3. The use of suppress ion-PCR subtractive hybridization is exemplified in the 
identification of up- and down- regulated genes in rat liver following exposure to pheno- 
barbetal, a well-known inducer of the drug metabolizing enzymes. 

4. Differential gene display provides a coherent platform for building libraries and 
microchip arrays of 'gene fingerprints' characteristic of known enzyme inducers and 
xenobiotic toxicants, which may be interrogated subsequently for the identification and 
characterization of xenobiotics of unknown biological properties. 



Introduction 

It is now apparent that the development of almost all cancers and many non- 
neoplastic diseases are accompanied by altered gene expression in the affected cells 
compared to their normal state (Hunter 1991, Wynford-Thomas 1991, Vogelstein 
and Kinzler 1993, Semenza 1994, Cassidy 1995, Kleinjan and Van Hegningen 1998). 
Such changes also occur in response to external stimuli such as pathogenic micro- 
organisms (Rohn et al. 1996, Singh et al. 1997, Griffin and Krishna 1998, Lunney 
1998) and xenobiotics (Sewall et al. 1995, Dogra et al. 1998, Ramana and Kohli 
1998), as well as during the development of undifferentiated cells (Hecht 1998, 
Rudin and Thompson 1998, Schneider-Maunoury et al. 1998). The potential 
medical and therapeutic benefits of understanding the molecular changes which 
occur in any given cell in progressing from the normal to the 'altered* state are 
enormous. Such profiling essentially provides a ' fingerprint ' of each step of a 
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cell's development or response and should help in the elucidation of specific and 
sensitive biomarkers representing, for example, different types of cancer or previous 
exposure to certain classes of chemicals that are enzyme inducers. 

In drug metabolism, many of the xenobiotic-metabolizing enzymes (including 
the well-characterized isoforms of cytochrome P450) are inducible by drugs and 
chemicals in man (Pelkonen et al. 1998), predominantly involving transcriptional 
activation of not only the cognate cytochrome P450 genes, but additional cellular 
proteins which may be crucial to the phenomenon of inductioa Accordingly, the 
development of methodology to identify and assess the full complement of genes 
that are either up- or down-regulated by inducers are crucial in the development of 
knowledge to understand the precise molecular mechanisms of enzyme induction 
and how this relates to drug action. Similarly, in the field of chemical-induced 
toxicity, it is now becoming increasingly obvious that most adverse reactions to 
drugs and chemicals are the result of multiple gene regulation, some of which are 
causal and some of which are casually -related to the toxicological phenomenon per 
se. This observation has led to an upsurge in interest in gene-profiling technologies 
which differentiate between the control and toxin -treated gene pools in target tissues 
and is, therefore, of value in rationalizing the molecular mechanisms of xenobiotic- 
induced toxicity. Knowledge of toxin-dependent gene regulation in target tissues is 
not solely an academic pursuit as much interest has been generated in the 
pharmaceutical industry to harness this technology in the early identification of toxic 
drug candidates, thereby shortening the developmental process and contributing 
substantially to the safety assessment of new drugs. For example, if the gene profile 
in response to say a testicular toxin that has been well- characterized in vivo could be 
determined in the testis, then this profile would be representative of all new drug 
candidates which act via this specific molecular mechanism of toxicity, thereby 
providing a useful and coherent approach to the early detection of such toxicants. 
Whereas it would be informative to know the identity and functionality of all genes 
up/ down regulated by such toxicants, this would appear a longer term goal, as the 
majority of human genes have not yet been sequenced, far less their functionality 
determined. However, the current use of gene profiling yields a pattern of gene 
changes for a xenobiotic of unknown toxicity which may be matched to that of well- 
characterized toxins, thus alerting the toxicologist to possible in vivo similarities 
between the unknown and the standard, thereby providing a platform for more 
extensive toxicological examination. Such approaches are beginning to gain 
momentum, in that several biotechnology companies are commercially producing 
'gene chips' or 'gene arrays' that may be interrogated for toxicity assessment of 
xenobiotics. These chips consist of hundreds/ thousands of genes, some of which are 
degenerate in the sense that not all of the genes are mechanistically-related to any 
one toxicological phenomenon. Whereas these chips are useful in broad-spectrum 
screening, they are maturing at a substantial rate, in that gene arrays are now 
becoming more specific, e.g. chips for the identification of changes in growth factor 
families that contribute to the aetiology and development of chemically-induced 
neoplasias. 

Although documenting and explaining these genetic changes presents a 
formidable obstacle to understanding the different mechanisms of development and 
disease progression, the technology is now available to begin attempting this difficult 
challenge. Indeed, several 4 differential expression analysis' methods have been 
developed which facilitate the identification of gene products that demonstrate 
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altered expression in cells of one population compared to another. These methods 
have been used to identify differential gene expression in many situations, including 
invading pathogenic microbes (Zhao et al. 1 998), in cells responding to extracellular 
and intracellular microbial invasion (Duguid and Dinauer 1990, Ragno et al. 1997, 
Maldarelli et al. 1998), in chemically treated cells (Syed et al. 1997, Rockett et al. 
1999), neoplastic cells (Liang et al. 1992, Chang and Terzaghi-Howe 1998), 
activated cells (Gurskaya et al. 1996, Wan et aL 1996), differentiated cells (Hara et 
al. 1991, Guimaraes et al. 1995a, b), and different cell types (Davis et aL 1984, 
Hedrick et al. 1984, Xhu et aL 1998). Although differential expression analysis 
technologies are applicable to a broad range of models, perhaps their most important 
advantage is that, in most cases, absolutely no prior knowledge of the specific genes 
which are up- or down-regulated is required. 

The field of differential expression analysis is a large and complex one, with 
many techniques available to the potential user. These can be categorized into 
several methodological approaches, including: 

(1) Differential screening, 

(2) Subtractive hybridization (SH) (includes methods such as chemical cross- 
linking subtraction — CCLS, suppression-PCR subtractive hybridization — 
SSH, and representational difference analysis — RDA), 

(3) Differential display (DD), 

(4) Restriction endonuclease facilitated analysis (including serial analysis of gene 
expression — SAGE — and gene expression fingerprinting — GEF), 

(5) Gene expression arrays, and 

(6) Expressed sequence tag (EST) analysis. 

The above approaches have been used successfully to isolate differentially 
expressed genes in different model systems. However, each method has its own 
subtle (and sometimes not so subtle) characteristics which incur various advantages 
and disadvantages. Accordingly, it is the purpose of this review to clarify the 
mechanistic principles underlying the main differential expression methods and to 
highlight some of the broader considerations and implications of this very powerful 
and increasingly popular technique. Specifically, we will concentrate on the so- 
called 'open' systems, namely those which do not require any knowledge of gene 
sequences and, therefore, are useful for isolating unknown genes. Two 'closed' 
systems (those utilising previously identified gene sequences), EST analysis and the 
use of DNA arrays, will also be considered briefly for completeness. Whilst 
emphasis will often be placed on suppression PCR subtractive hybridization (SSH, 
the approach employed in this laboratory), it is the aim of the authors to highlight, 
wherever possible, those areas of common interest to those who use, or intend to use, 
differential gene expression analysis. 

Differential cDNA library screening (DS) 

Despite the development of multiple technological advances which have recently 
brought the field of gene expression profiling to the forefront of molecular analysis, 
recognition of the importance of differential gene expression and characterization of 
differentially expressed genes has existed for many years. One of the original 
approaches used to identify such genes was described 20 years ago by St John and 
Davis (1979). These authors developed a method, termed 'differential plaque filter 
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hybridization*, which was used to isolate galactose-inducible DNA sequences from 
yeast. The theory is simple: a genomic DNA library is prepared from normal, 
unstimulated cells of the test organism/tissue and multiple filter replicas are 
prepared. These replica blots are probed with radioactively (or otherwise) labelled 
complex cDNA probes prepared from the control and test cell mRNA populations. 
Those mRNAs which are differentially expressed in the treated cell population will 
show a positive signal only on the filter probed with cDNA from the treated cells. 
Furthermore, labelled cDNA from different test conditions can be used to probe 
multiple blots, thereby enabling the identification of mRNAs which are only up- 
regulated under certain conditions. For example, St John and Davis (1979) screened 
replica filters with acetate-, glucose- and galactose-derived probes in order to obtain 
genes induced specifically by galactose metabolism. Although groundbreaking in its 
time this method is now considered insensitive and time-consuming, as up to 2 
months are required to complete the identification of genes which are differentially 
expressed in the test population. In addition, there is no convenient way to check 
that the procedure has worked until the whole process has been completed. 

Subtractive Hybridization (SH) 

The developing concept of differential gene expression and the success of early 
approaches such as that described by St John and Davis (1979) soon gave rise to a 
search for more convenient methods of analysis. One of the first to be developed was 
SH, numerous variations of which have since been reported (see below). In general, 
this approach involves hybridization of mRNA /cDNA from one population (tester) 
to excess mRNA/cDNA from another (driver), followed by separation of the 
unhybridized tester fraction (differentially expressed) from the hybridized common 
sequences. This step has been achieved physically, chemically and through the use 
of selective polymerase chain reaction (PCR) techniques. 

Physical separation 

Original subtractive hybridization technology involved the physical separation 
of hybridized common species from unique single stranded species. Several methods 
of achieving this have been described, including hydroxyapatite chromatography 
(Sargent and Dawid 1983), avidin-biotin technology (Duguid and Dinauer 1990) 
and oligodT-latex separation (Hara et al. 1991). In the first approach, common 
mRNA species are removed by cDNA (from test cells)-mRNA (from control cells) 
subtractive hybridization followed by hydroxyapatite chromatography, as hydroxy- 
apatite specifically adsorbs the cDNA-mRNA hybrids. The unabsorbed cDNA is 
then used either for the construction of a cDNA library of differentially expressed 
genes (Sargent and Dawid 1983, Schneider et al. 1988) or directly as a probe to 
screen a preselected library (Zimmerman et al. 1980, Davis et al. 1984, Hedrick etal. 
1984). A schematic diagram of the procedure is shown in figure 1. 

Less rigorous physical separation procedures coupled with sensitivity enhancing 
PCR steps were later developed as a means to overcome some of the problems 
encountered with the hydroxyapatite procedure. For example, Daguid and Dinauer 
(1990) described a method of subtraction utilizing biot in -affinity systems as a means 
to remove hybridized common sequences. In this process, both the control and 
tester mRNA populations are first converted to cDNA and an adaptor ('oligovector 
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Control (driver) mRNA Tester (test) cDNA (1st strand) 



-AAAA TTTTT 

-AAAA TTTTT 

-AAAA TTTTT 

-AAAA T" 



Mix (ratio >35:1)& hybridize 

-AAAA 



-AAAA 



-AAAA 
— AAAA 



Hydroxyapatite chromatography — > RNA:cDNA hybrids removed 



Unhybridized 

cDNA (differentially expressed) AAAA 

and mRNA 

AAAA 



Sepharose CL6B exclusion — > Small cDNA fragments (<450bp) 
chromatography 

i 

Enriched, differentially expressed cDNA 
or 

Produce clones Label directly and probe library 

Figure 1. The hydroxyapatite method of subtractive hybridization. cDNA derived from the 
treated /altered (tester) population is mixed with a large excess of mRNA from the control (driver) 
population. Following hybridization, mRNA-cDNA hybrids are removed by hydroxyapatite 
chromatography. The only cDNAs which remain are those which are differentially expressed in 
the treated/altered population. In order to facilitate the recovery of full length clones, small cDNA 
fragments are removed by exclusion chromatography. The remaining cDNAs are then cloned into 
a vector for sequencing, or labelled and used directly to probe a library, as described by Sargent 
and Dawid (1983). 



containing a restriction site) ligated to both sides. Both populations are then 
amplified by PCR, but the driver cDNA population is subsequently digested with 
the adaptor-containing restriction endonuclease. This serves to cleave the oligo- 
vector and reduce the amplification potential of the control population . The digested 
control population is then biotinylated and an excess mixed with tester cDNA. 
Following denaturation and hybridization, the mix is applied to a biocytin column 
(streptavidin may also be used) to remove the control population, including 
heteroduplexes formed by annealing of common sequences from the tester 
population. The procedure is repeated several times following the addition of fresh 



660 



J. C. Rockett et al. 
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Tester-specific mRNA retrieved 
4 rounds of hybridization 



cDNA synthesis 

i 

Ligate adaptors and insert into vector 

i 

Sequence inserts and/or carry out 
other downstream applications 

Figure 2. The use of oligodT^ latex to perform subtractive hybridization. mRNA extracted from the 
control (driver) population is converted to anchored cDNA using polydT oligonucleotides 
attached to latex beads. mRNA from the treated/altered (tester) population is repeatedly 
hybridized against an excess of the anchored driver cDNA. The final population of mRNA is 
tester specific and can be converted into cDNA for cloning and other downstream applications, as 
described by Hara et al. (1991). 
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control cDNA. In order to further enrich those species differentially expressed in 
the tester cDNA, the subtracted tester population is amplified by PCR following 
every second subtraction cycle. After six cycles of subtraction (three reamplification 
steps) the reaction mix is ligated into a vector for further analysis. 

In a slightly different approach, Hara et al. (1991) utilized a method whereby 
oligo(dT 30 ) primers attached to a latex substrate are used to first capture mRNA 
extracted from the control population. Following 1st strand cDNA synthesis, the 
RNA strand of the heteroduplexes is removed by heat denaturation and centri- 
fugation (the cDNA-oligotex-dT^ forms a pellet and the supernatant is removed). 
A quantity of tester mRNA is then repeatedly hybridized to the immobilized control 
(driver) cDNA (which is present in 20-fold excess). After several rounds of 
hybridization the only mRNA molecules left in the tester mRNA population are 
those which are not found in the driver cDN A-oligotex-dT^ population. These 
tester-specific mRNA species are then converted to cDNA and, following the 
addition of adaptor sequences, amplified by PCR. The PCR products are then 
ligated into a vector for further analysis using restriction sites incorporated into the 
PCR primers. A schematic illustration of this subtraction process is shown in figure 
2. 

However, all these methods utilising physical separation have been described as 
inefficient due to the requirement for large starting amounts of mRNA, significant 
loss of material during the separation process and a need for several rounds of 
hybridization. Hence, new methods of differential expression analysis have recently 
been designed to eliminate these problems. 

Chemical Cross-Linking Subtraction (CCLS) 

In this technique, originally described by Hampson et al. (1992), driver mRNA 
is mixed with tester cDNA (1st strand only) in a ratio of > 20:1. The common 
sequences form cDNA:mRNA hybrids, leaving the tester specific species as single 
stranded cDNA. Instead of physically separating these hybrids, they are inactivated 
chemically using 2,5 diaziridinyl-l,4-benzoquinone (DZQ). Labelled probes are 
then synthesized from the remaining single stranded cDNA species (unreacted 
mRNA species remaining from the driver are not converted into probe material due 
to specificity of Sequenase T7 DNA polymerase used to make the probe) and used 
to screen a cDN A library made from the tester cell population. A schematic diagram 
of the system is shown in figure 3. 

It has been shown that the differentially expressed sequences can be enriched at 
least 300-fold with one round of subtraction (Hampson et al. 1992), and that the 
technique should allow isolation of cDNAs derived from transcripts that are present 
at less than 50 copies per cell. This equates to genes at the low end of intermediate 
abundance (see table 1). The main advantages of the CCLS approach are that it is 
rapid, technically simple and also produces fewer false positives than other 
differential expression analysis methods. However, like the physical separation 
protocols, a major drawback with CCLS is the large amount of starting material 
required (at least 10 fig RNA). Consequently, the technique has recently been 
refined so that a renewable source of RNA can be generated. The degenerate random 
oligonucleotide primed (DROP) adaptation (Hampson et al. 1996, Hampson and 
Hampson 1997) uses random hexanucleotide sequences to prime solid phase- 
synthesized cDNA. Since each primer includes a T7 polymerase promotor sequence 
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Control (driver) mRNA 



-AAAA 
-AAAA 



mRNA:cDNA hybrids 
Unique cDNA species 



Test (tester) mRNA 

-AAAA 

-AAAA 



1 st strand cDNA synthesis « 
followed by alkaline hydrolysis 1 



Mix and anneal 



-AAAA 



Cross linking agent 
(DZQ) added 



Hybrids are cross-linked xxxxxxxxx 



•AAAA 
-TTTT 



+ 




Probes synthesised from single stranded cDNA 
species and used to probe cDNA library 

Figure 3. Chemical cross-linking subtraction. Excess driver mRNA is mixed with l sl strand tester 
cDNA. The common sequences form mRNA:cDNA hybrids which are cross linked with 2,5 
diaziridinyl-l,4-benzoquinone (DZQ) and the remaining cDNA sequences are differentially 
expressed in the tester population. Probes are made from these sequences using Sequenase 2.0 
DNA polymerase, which lacks reverse transcriptase activity and, therefore, does not react with the 
remaining mRNA molecules from the driver. The labelled probes are then used to screen a cDNA 
library for clones of differentially expressed sequences. Adapted from Walter et al. (1996), with 
permission. 



Table 1. The abundance of mRNA species and classes in a typical mammalian cell. 



mRNA 
class 


Copies of 

each 
species/cell 


No. of mRNA 
species in 
class 


Mean % of 
each species 
in class 


Mean mass 
(ng) of each 
species/ jig 
total RNA 


Abundant 


12000 


4 


3.3 


1.65 


Intermediate 


300 


500 


0.08 


0.04 


Rare 


15 


11000 


0.004 


0.002 



Modified from Bertioli et ai (1995). 
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at the 5'end, the final pool of random cDNA fragments is a PCR-renewable cDNA 
population which is representative of the expressed gene pool and can be used to 
synthesize sense RNA for use as driver material. Furthermore, if the final pool of 
random cDNA fragments is reamplified using biotinylated T7 primer and random 
hexamer, the product can be captured with streptavidin beads and the antisense 
strand eluted for use as tester. Since both target and driver can be generated from 
the same DROP product, subtraction can be performed in both directions (i.e. for 
up- and down-regulated species) between two different DROP products. 

Representational Difference Analysis (RDA) 

RDA of cDNA (Hubank and Schatz 1994) is an extension of the technique 
originally applied to genomic DNA as a means of identifying differences between 
two complex genomes (Lisitsyn et al. 1993). It is a process of subtraction and 
amplification involving subtractive hybridization of the tester in the presence of 
excess driver. Sequences in the tester that have homologues in the driver are 
rendered unamplifiable, whereas those genes expressed only in the tester retain the 
ability to be amplified by PCR. The procedure is shown schematically in figure 4. 

In essence, the driver and tester mRN A populations are first converted to cDN A 
and amplified by PCR following the ligation of an adaptor. The adaptors are then 
removed from both populations and a new (different) adaptor ligated to the 
amplified tester population only. Driver and tester populations are next melted and 
hybridized together in a ratio of 100:1. Following hybridization, only tester : tester 
homohybrids have 5 'adaptors at each end of the DNA duplex and can, thus, be filled 
in at both 3' ends. Hence, only these molecules are amplified exponentially during 
the subsequent PCR step. Although tester : driver heterohybrids are present, they 
only amplify in a linear fashion, since the strand derived from the driver has no 
adaptor to which the primer can bind. Driver : driver heterohybrids have no 
adaptors and, therefore, are not amplified. Single stranded molecules are digested 
with mung bean nuclease before a further PCR-enrichment of the tester : tester 
homohybrids. The adaptors on the amplified tester population are then replaced and 
the whole process repeated a further two or three times using an increasing excess of 
driver (Hubank and Shatz used a tester : driver ratio of 1:400, 1:80000 and 
1:800000 for the second, third and fourth hybridizations, respectively). Different 
adaptors are ligated to the tester between successive rounds of hybridization and 
amplification to prevent the accumulation of PCR products that might interfere with 
subsequent amplifications. The final display is a series of differentially expressed 
gene products easily observable on an ethidium bromide gel. 

The main advantages of RDA are that it offers a reproducible and sensitive 
approach to the analysis of differentially expressed genes. Hubank and Schatz (1994) 
reported that they were able to isolate genes that were differentially expressed in 
substantially less than 1 % of the cells from which the tester is derived. Perhaps the 
main drawback is that multiple rounds of ligation, hybridization, amplifiation and 
digestion are required. The procedure is, therefore, lengthier than many other 
differential display approaches and provides more opportunity for operator-induced 
error to occur. Although the generation of false positives has been noted, this has 
been solved to some degree by O'Neill and Sinclair (1997) through the use of HPLC- 
purified adaptors. These are free of the truncated adaptors which appear to be a 
major source of the false positive bands. A very similar technique to RDA, termed 
linker capture subtraction (LCS) was described by Yang and Sytowski (1996). 
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ds control (driver) cDNA ds test (tester) cDNA 

Digest with restriction enzyme 1 



Ligate to 
dephosphorylated 
12/24 adaptor 
strands 



Melt12mer 



Fill in 3' ends (Taq), add 
primer (— ) and 
amplify 



Digest 



Digest and ligate 
new 12/24 adaptor 



Mix 100:1, melt and hybridize 



T 



i 



Fill in ends, add primer ( — ) and amplify 

11 1 
Linear amplification Exponential amplification . No amplification 

i 

Digest PCR products with mung bean nuclease to remove 
ssDNA molecules present after amplification 

1 

First difference 

Figure 4. The representational difference analysis (RDA) technique. Driver and tester cDNA are 
digested with a 4-cutter restriction enzyme such as Dpnll. The 1 st set of 12/24 adaptor strands 
(oligonucleotides) are ligated to each other and the digested cDNA products. The 12mer is 
subsequently melted away and the 3'ends filled in using Taq DNA polymerase. Each cDNA 
population is then amplified using PCR, following which the 1 st set of adaptors is removed with 
Dpnll. A second set of 12/24 adaptor strands is then added to the amplified tester cDNA 
population, after which the tester is hybridized against a large excess of driver. The 12mer 
adaptors are melted and the 3' ends filled in as before. PCR is carried out with primers identical 
to the new 24mer adaptor. Thus, the only hybridization products which are exponentially 
amplified are those which are tester : tester combinations. Following PCR, ssDNA products are 
removed with mung bean nuclease, leaving the 'first difference product*. This is digested and a 
third set of 1 2/24 adaptors added before repeating the subtraction process from the hybridization 
stage. The process is repeated to the 3 rd or 4 th difference product, as described by Lisitsyn et al. 
(1993) and Hubank and Schatz (1994). 
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Suppression PCR Subtr active Hybridization (SSH) 

The most recent adaptation of the SH approach to differential expression 
analysis was first described by Diatchenko et al. (1996) and Gurskaya et al. (1996). 
They reported that a 1000-5000 fold enrichment of rare cDNAs (equivalent to 
isolating mRNAs present at only a few copies per cell) can be obtained without the 
need for multiple hybridizations/subtractions. Instead of physical or chemical 
removal of the common sequences, a PCR-based suppression system is used (see 
figure 5). 

In SSH, excess driver cDNA is added to two portions of the tester cDNA which 
have been ligated with different adaptors. A first round of hybridization serves to 
enrich differentially expressed genes and equalize rare and abundant messages. 
Equalization occurs since reannealing is more rapid for abundant molecules than for 
rarer molecules due to the second order kinetics of hybridization (James and Higgins 
1985). The two primary hybridization mixes are then mixed together in the presence 
of excess driver and allowed to hybridize further. This step permits the annealing of 
single stranded complementary sequences which did not hybridize in the primary 
hybridization, and in doing so generates templates for PCR amplification. Although 
there are several possible combinations of the single stranded molecules present in 
the secondary hybridization mix, only one particular combination (differentially 
expressed in the tester cDNA composed of complimentary strands having different 
adaptors) can amplify exponentially. 

Having obtained the final differential display, two options are available if cloning 
of cDNAs is desired. One is to transform the whole of the final PCR reaction into 
competent cells. Transformed colonies can then be isolated and their inserts 
characterized by sequencing, restriction analysis or PCR. Alternatively, the final 
PCR products can be resolved on a gel and the individual bands excised, reamplified 
and cloned. The first approach is technically simpler and less time consuming. 
However, ligation/transformation reactions are known to be biased towards the 
cloning of smaller molecules, and so the final population of clones will probably not 
contain a representative selection of the larger products. In addition, although 
equalization theoretically occurs, observations in this laboratory suggest that this is 
by no means perfectly accomplished. Consequently, some gene species are present 
in a higher number than others and this will be represented in the final population 
of clones. Thus, in order to obtain a substantial proportion of those gene species that 
actually demonstrate differential expression in the tester population, the number of 
clones that will have to be screened after this step may be substantial. The second 
approach is initially more time consuming and technically demanding. However, it 
would appear to offer better prospects for cloning larger and low abundance gel 
products. In addition, one can incorporate a screening step that differentiates 
different products of different sequences but of the same size (HA-staining, see 
later). In this way, a good idea of the final number of clones to be isolated and 
identified can be achieved. 

An alternative (or even complementary) approach is to use the final differential 
display reaction to screen a cDNA library to isolate full length clones for further 
characterization, or a DNA array (see later) to quickly identify known genes. SSH 
has been used in this laboratory to begin characterization of the short-term gene 
expression profiles of enzyme-inducers such as phenobarbital (Rockett et al. 1997) 
and Wy-14,643 (Rockett et al. unpublished observations). The isolation of 
differentially expressed genes in this manner enables the construction of a fingerprint 
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Tester cDNA with adaptor 1 



Driver cDNA 
(in excess) 



Tester cDN A with adaptor 2 
i mi 




Mix samples, add fresh denatured driver, anneal 



T 



a,b,c,d & e 



| FIIHn 



ends 





Add primers and 
amplify by PCR 

a, d no amplification 

b no amplification - suppressed due to 

formation of panhandle structure 
c linear amplification 

e exponential amplification 

Figure 5. PCR-select cDNA subtraction. In the primary hybridization, an excess of driver cDNA is 
added to each tester cDNA population. The samples are heat denatured and allowed to hybridize 
for between 3 and 8 h. This serves two purposes: (1) to equalize rare and abundant molecules ; and 
(2) to enrich for differentially expressed sequences — cDNAs that are not differentially expressed 
form type c molecules with the driver. In the secondary hybridization, the two primary 
hybridizations are mixed together without denaturing. Fresh denatured driver can also be added 
at this point to allow further enrichment of differentially expressed sequences. Type e molecules 
are formed in this secondary hybridization which are subsequently amplified using two rounds of 
PCR. The final products can be visualized on an agarose gel, labelled directly or cloned into a 
vector for downstream manipulation. As described by Diatchenko et al. (1996) and Gurskaya 
et al. (1996), with permission. 
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Figure 6. Flow diagram showing method used in this laboratory to isolate and identify clones of genes 
which are differentially expressed in rat liver following short term exposure to the enzyme 
inducers, phenobarbital and Wy-14,643. 



of expressed genes which are unique to each compound and time/dose point. Such 
information could be useful in short-term characterization of the toxic potential of 
new compounds by comparing the gene-expression profiles they elicit with those 
produced by known inducers. Figure 6 shows a flow diagram of the method used to 
isolate, verify and clone differentially expressed genes, and figure 7 shows expression 
profiles obtained from a typical SSH experiment. Subsequent sub-cloning of the 
individual bands, sequencing and gene data base interrogation reveals many genes 
which are either up- or down-regulated by phenobarbital in the rat (tables 2 and 3). 

One of the advantages in using the SSH approach is that no prior knowledge is 
required of which specific genes are up/down-regulated subsequent to xenobiotic 
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Figure 7. SSH display patterns obtained from rat liver following 3 -day treatment with WY-14,643 or 
phenobarbital. mRNA extracted from control and treated livers was used to generate the 
differential displays using the PCR-Select cDNA subtraction kit (Clontech). Lane: 1 — lkb 
ladder ; 2 — genes upregulated following Wy ,14-643 treatment ; 3 — genes downregulated following 
Wy,14— 643 treatment; 4 — genes upregulated following phenobarbital treatment; 5 — genes 
downregulated following phenobarbital treatment; 6 — lkb ladder. Reproduced from Rockett et 
al. (1997), with permission. 

exposure, and an almost complete complement of genes are obtained. For example, 
the peroxisome proliferator and non-genotoxic hepatocarcinogen Wy, 14,643, up- 
regulates at least 28 genes and down-regulates at least 15 in the rat (a sensitive 
species) and produces 48 up- and 37 down-regulated genes in the guinea pig, a 
resistant species (Rockett, Swales, Esda and Gibson, unpublished observations). 
One of these genes, CD81, was up-regulated in the rat and down-regulated in the 
guinea pig following Wy-14,643 treatment. CD81 (alternatively named TAPA-1) is 
a widely expressed cell surface protein which is involved in a large number of cellular 
processes including adhesion, activation, proliferation and differentiation (Levy et 
al. 1998). Since all of these functions are altered to some extent in the phenomena 
of hepatomegaly and non-genotoxic hepatocarcinogenesis, it is intriguing, and 
probably mechanistically-relevant, that CD81 expression is differentially regulated 
in a resistant and susceptible species. However, the down-side of this approach is 
that the majority of genes can be sequenced and matched to database sequences, but 
the latter are predominantly expressed sequence tags or genes of completely 
unknown function, thus partially obscuring a realistic overall assessment of the 
critical genes of genuine biological interest. Notwithstanding the lack of complete 
funtional identification of altered gene expression, such gene profiling studies 
essentially provides a 'molecular fingerprint' in response to xenobiotic challenge, 
thereby serving as a mechanistically-relevant platform for further detailed 
investigations. 

Differential Display (DD) 

Originally described as 'RNA fingerprinting by arbitrarily primed PCR' (Liang 
and Pardee 1992) this method is now more commonly referred to as 'differential 
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Band number 



(approximate 


Highest sequence 




size in bp) 


similarity 


FASTA-EMBL gene identification 


5 (1300) 


93.5% 


CYP2B1 


7 (1000) 


95.1% 


Preproalbumin 






Serum albumin mRNA 


8 (950) 


98.3% 


NCI-CGAP-Prl H. sapiens (EST) 


10 (850) 


95.7% 


CYP2B1 


11 (800) 


Clone 1 94.9% 


CYP2B1 


Clone 2 75.3% 


CYP2B2 


12 (750) 


93.8% 


TRPM-2 mRNA 




Sulfated glycoprotein 


15 (600) 


92.9% 


Preproalbumin 






Serum albumin mRNA 


16 (55) 


Clone 1 95.2% 


CYP2B1 


Clone 2 93.6% 


Haptoglobulin mRNA partial alpha 


21 (350) 


99.3% 


18S, 5.8S&28S rRNa 



Bands 1-4, 6, 9, 13, 14, and 17-20 are shown to be false positives by dot blot anaylsis and, therefore, 
are not sequenced. Derived from Rockett et al. (1997). It should be noted that the above genes do not 
represent the complete spectrum of genes which are up-regulated in rat liver by phenobarbital, but 
simply represents the genes sequenced and identified to date. 



Table 3. Genes down-regulated in rat liver following 3-day exposure to phenobarbital. 



Band number 

(approximate Highest sequence 

size in bp) ^ similarity FASTA-EMBL gene identification 



1 (1500) 




95.3% 


3-oxoacyl-CoA thiolase 


2 (1200) 




92.3% 


Hemopoxin mRNA 


3 (1000) 




91.7% 


Alpha-2u-globulin mRNA 


7 (700) 


Clone 1 


77.2% 


M.musculus CI inhibitor 


Clone 2 


94.5% 


Electron transfer flavoprotein 




Clone 3 


91.0% 


M. musculus Topoisomerase 1 (Topo 1) 


8 (650) 


Clone 1 


86.9% 


Soares 2NbMT M. musculus (EST) 


Clone 2 


96.2% 


Alpha-2u-globulin (s-type) mRNA 


9 (600) 


Clone 1 


86.9% 


Soares mouse NML M. musculus (EST) 


Clone 2 


82.0% 


Soares p3NMF 19.5 M. musculus (EST) 


10 (550) 




73.8% 


Soares mouse NML M. musculus (EST) 


11 (525) 




95.7% 


NCI-CGAP-Prl H. sapiens (EST) 


12 (375) 




100.0% 


Ribosomal protein 


13 (23) 


Clone 1 


97.2% 


Soares mouse embryo NbME135 (EST) 




Clone 2 


100.0% 


Fibrinogen B-beta-chain 




Clone 3 


100.0% 


Apolipoprotein E gene 


14 (170) 




96.0% 


Soares p3NMF19.5 M. musculus (EST) 


15 (140) 




97.3% 


Stratagene mouse testis (EST) 


Others: (300) 




96.7% 


R. norvegicus RASP 1 mRNA 


(275) 




93.1% 


Soares mouse mammary gland (EST) 



EST = Expressed sequence tag. Bands 4-6 were shown to be false positives by dot blot analysis and, 
therefore, were not sequenced. Derived from Rockett etal. (1997). It should be noted that the above genes 
do not represent the complete spectrum of genes which are down-regulated in rat liver by phenobarbital, 
but simiply represents the genes sequenced and identified to date. 



display' (DD). In this method, all the mRNA species in the control and treated cell 
populations are amplified in separate reactions using reverse transcriptase-PCR 
(RT-PCR). The products are then run side-by-side on sequencing gels. Those 
bands which are present in one display only, or which are much more intense in one 
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display compared to the other, are differentially expressed and may be recovered for 
further characterization. One advantage of this system is the speed with which it can 
be carried out — 2 days to obtain a display and as little as a week to make and identify 
clones. 

Two commonly used variations are based on different methods of priming the 
reverse transcription step (figure 8). One is to use an oligo dT with a 2-base 'anchor' 
at the 3'-end, e.g. 5' (dT n )CA 3' (Liang and Pardee 1992). Alternatively, an 
arbitrary primer may be used for 1st strand cDNA synthesis (Welsh et aL 1992). 
This variant of RNA fingerprinting has also been called 'RAP' (RNA Arbitrarily 
Primed)-PCR. One advantage of this second approach is that PCR products may be 
derived from anywhere in the RNA, including open reading frames. In addition, it 
can be used for mRNAs that are not poiyadenylated, such as many bacterial mRN As 
(Wong and McClelland 1994). In both cases, following reverse transcription and 
denaturation, second strand cDNA synthesis is carried out with an arbitrary primer 
{arbitrary primers have a single base at each position, as compared to random 
primers, which contain a mixture of all four bases at each position). The resulting 
PCR, thus, produces a series of products which, depending on the system (primer 
length and composition, polymerase and gel system), usually includes 50-100 
products per primer set (Band and Sager 1989). When a combination of different 
dT-anchors and arbitrary primers are used, almost all mRN A species from a cell can 
be amplified. When the cDN A products from two different populations are analysed 
side by side on a polyacrylamide gel, differences in expression can be identified and 
the appropriate bands recovered for cloning and further analysis. 

Although DD is perhaps the most popular approach used today for identifying 
differentially expressed genes, it does suffer from several perceived disadvantages: 

(1) It may have a strong bias towards high copy number mRNAs (Bertioli et aL 
1995), although this has been disputed (Wan etal. 1996) and the isolation of very 
low abundance genes may be achieved in certain circumstances (Guimeraes et 
aL 1995a). 

(2) The cDNAs obtained often only represent the extreme V end of the mRN A 
(often the 3 '-untranslated region), although this may not always be the case 
(Guimeraes aL 1995a). Since the 3'end is often not included in Genbank and 
shows variation between organisms, cDNAs identified by DD cannot always be 
matched with their genes, even if they have been identified. 

(3) The pattern of differential expression seen on the display often cannot be 
reproduced on Northern blots, with false positives arising in up to 70% of cases 
(Sun et aL 1994). Some adaptations have been shown to reduce false positives, 
including the use of two reverse transcriptases (Sung and Denman 1997), 
comparison of uninduced and induced cells over a time course (Burn et aL 1994) 
and comparison of DDPCR-products from two uninduced and two induced 
lines (Sompayrac et aL 1995). The latter authors also reported that the use of 
cytoplasmic RNA rather then total RNA reduces false positives arising from 
nuclear RNA that is not transported to the cytoplasm. 

Further details of the background, strengths and weaknesses of the DD 
technique can be obtained from a review by McClelland et aL (1996) and from 
articles by Liang et aL (1995) and Wan et aL (1996). 
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Denature and synthesise 2 nd strand 
with any arbitrary primer (— - ) 



4 AC 



2 nd strand cDNA 2 nd strand cDNA 

■ ► 



I 1 



cDNA can now be amplified by PCR using original primer pair 

Figure 8. Two approaches to differential display (DD) analysis. 1 st strand synthesis can be carried out 
either with a polydT n NN primer (where N = G, C or A) or with an arbitrary primer. The use of 
different combinations of G, C and A to anchor the first strand polydT primer enables the priming 
of the majority of polyadenylated mRNAs. Arbitrary primers may hybridize at none, one or more 
places along the length of the mRNA, allowing 1 st strand cDNA synthesis to occur at none, one 
or more points in the same gene. In both cases, 2 nd strand synthesis is carried out with an arbitrary 
primer. Since these arbitrary primers for the 2 nd strand may also hybridize to the l sl strand cDNA 
in a number of different places, several different 2 nd strand products may be obtained from one 
binding point of the 1 st strand primer. Following 2 nd strand synthesis, the original set of primers 
is used to amplify the second strand products, with the result that numerous gene sequences are 
amplified. 



Restriction endonuclease-facilitated analysis of gene expression 

Serial Analysis of Gene Expression (SAGE) 

A more recent development in the field of differential display is SAGE analysis 
(Velculescu et al. 1995). This method uses a different approach to those discussed so 
far and is based on two principles. Firstly, in more than 95% of cases, short 
nucleotide sequences ('tags') of only nine or 10 base pairs provide sufficient 
information to identify their gene of origin. Secondly, concatonation (linking 
together in a series) of these tags allows sequencing of multiple cDNAs within a 
single clone. Figure 9 shows a schematic representation of the SAGE process. In this 
procedure, double stranded cDNA from the test cells is synthesized with a 
biotinylated polydT primer. Following digestion with a commonly cutting (4bp 
recognition sequence) restriction enzyme ('anchoring enzyme'), the V ends of the 
cDNA population are captured with streptavidin beads. The captured population is 
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split into two and different adaptors ligated to the 5 'ends of each group. Incorporated 
into the adaptors is a recognition sequence for a type IIS restriction enzyme — one 
which cuts DNA at a denned distance (< 20 bp) from its recognition sequence. 
Hence, following digestion of each captured cDNA population with the IIS enzyme, 
the adaptors plus a short piece of the captured cDNA are released. The two 
populations are then ligated and the products amplified. The amplified products are 
cleaved with the original anchoring enzyme, religated (concatomers are formed in 
the process) and cloned. The advantage of this system is that hundreds of gene tags 
can be identified by sequencing only a few clones. Furthermore, the number of times 
a given transcript is identified is a quantitative measurement of that gene's 
abundance in the original population, a feature which facilitates identification of 
differentially expressed genes in different cell populations. 

Some disadvantages of SAGE analysis include the technical difficulty of the 
method , a large amount of accurate sequencing is required , biased towards abundant 
mRNAs, has not been validated in the pharmaco/toxicogenomic setting and has 
only been used to examine well known tissue differences to date. 

Gene Expression Fingerprinting ( GEF) 

A different capture/restriction digest approach for isolating differentially 
expressed genes has been described by Ivanova and Belyavsky (1995). In this 
method, RNA is converted to cDNA using biotinylated oligo(dT) primers. The 
cDNA population is then digested with a specific endonuclease and captured with 
magnetic streptavidin microbeads to facilitate removal of the unwanted 5' digestion 
products. The use of restricted 3 '-ends alone serves to reduce the complexity of the 
cDNA fragment pool and helps to ensure that each RNA species is represented by 
not more than one restriction product. An adaptor is ligated to facilitate subsequent 
amplification of the captured population. PCR is carried out with one adaptor- 
specific and one biotinylated polydT primer. The reamplified population is 
recaptured and the non-biotinylated strands removed by alkaline dissociation. The 
non-biotinylated strand is then resynthesized using a different adaptor-specific 
primer in the presence of a radio labelled dNTP. The labelled immobilized 3'cDNA 
ends are next sequentially treated with a series of different restriction endonucleases 
and the products from each digestion analysed by PAGE. The result is a fingerprint 
composed of a number of ladders (equal to the number of sequential digests used). 
By comparing test versus control fingerprints, it is possible to identify differentially 
expressed products which can then be isolated from the gel and cloned. The 
advantages of this procedure are that it is very robust and reproducible, and the 
authors estimate that 80-93% of cDNA molecules are involved in the final 
fingerprint. The disadvantage is that polyacrylamide gels can rarely resolve more 
than 300-400 bands, which compares poorly to the 1000 or more which are 
estimated to be produced in an average experiment. The use of 2-D gels such as 
those described by Uitterlinden et al. (1989) and Hatada et al. (1991) may help to 
overcome this problem. 

A similar method for displaying restriction endonuclease fragments was later 
described by Prashar and Weissman (1996). However, instead of sequential 
digestion of the immobolized 3'-terminal cDNA fragments, these authors simply 
compared the profiles of the control and treated populations without further 
manipulation. 
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Figure 9. Serial analysis of gene expression (SAGE) analysis. cDNA is cleaved with an anchoring enzyme 
(AE) and the 3 'ends captured using streptavidin beads. The cDNA pool is divided in half and each 
portion ligated to a different linker, each containing a type IIS restriction site (tagging enzyme, 
TE). Restriction with the type IIS enzyme releases the linker plus a short length of cDNA 
(XXXXX and OOOOO indicate nucleotides of different tags). The two pools of tags are then 
ligated and amplified using linker-specific primers. Following PCR, the products are cleaved with 
the AE and the ditags isolated from the linkers using PAGE. The ditags are then ligated (during 
which process, concatenization occurs) and cloned into a vector of choice for sequencing. After 
Velculescu et al. (1995), with permission. 
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DNA arrays 

'Open* differential display systems are cumbersome in that it takes a great deal 
of time to extract and identify candidate genes and then confirm that they are indeed 
up- or down-regulated in the treated compared to the control tissue. Normally, the 
latter process is carried out using Northern blotting or RT-PCR. Even so, each of 
the aforementioned steps produce a bottleneck to the ultimate goal of rapid analysis 
of gene expression. These problems will likely be addressed by the development of 
so-called DNA arrays (e.g. Gress et aL 1992, Zhao et al. 1995, Schena et al 1996), 
the introduction of which has signalled the next era in differential gene expression 
analysis. DNA arrays consist of a gridded membrane or glass 'chips* containing 
hundreds or thousands of DNA spots, each consisting of multiple copies of part of 
a known gene. The genes are often selected based on previously proven involvement 
in oncogenesis, cell cycling, DNA repair, development and other cellular processes. 
They are usually chosen to be as specific as possible for each gene and animal species. 
Human and mouse arrays are already commercially available and a few companies 
will construct a personalized array to order, for example Clontech Laboratories and 
Research Genetics Inc. The technique is rapid in that hundreds or even thousands 
of genes can be spotted on a single array, and that mRNA /cDNA from the test 
populations can be labelled and used directly as probe. When analysed with 
appropriate hardware and software, arrays offer a rapid and quantitative means to 
assess differences in gene expression between two cell populations. Of course, there 
can only be identification and quantitation of those genes which are in the array 
(hence the term 'closed' system). Therefore, one approach to elucidating the 
molecular mechanisms involved in a particular disease /development system may be 
to combine an open and closed system — a DNA array to directly identify and 
quantitate the expression of known genes in mRNA populations, and an open 
system such as SSH to isolate unknown genes which are differentially expressed. 

One of the main advantages of DNA arrays is the huge number of gene fragments 
which can be put on a membrane — some companies have reported gridding up to 
60000 spots on a single glass 'chip' (microscope slide). These high density chip- 
based micro-arrays will probably become available as mass-produced off-the-shelf 
items in the near future. This should facilitate the more rapid determination of 
differential expression in time and dose-response experiments. Aside from their 
high cost and the technical complexities involved in producing and probing DNA 
arrays, the main problem which remains, especially with the newer micro-array 
(gene-chip) technologies, is that results are often not wholly reproducible between 
arrays. However, this problem is being addressed and should be resolved within the 
next few years. 



EST databases as a means to identify differentially expressed genes 

Expressed sequence tags (ESTs) are partial sequences of clones obtained from 
cDNA libraries. Even though most ESTs have no formal identity (putative 
identification is the best to be hoped for), they have proven to be a rapid and efficient 
means of discovering new genes and can be used to generate profiles of gene- 
expression in specific cells. Since they were first described by Adams et aL (1991), 
there has been a huge explosion in EST production and it is estimated that there are 
now well over a million such sequences in the public domain, representing over half 
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of all human genes (Hillier et al. 1996). This large number of freely available 
sequences (both sequence information and clones are normally available royalty-free 
from the originators) has enabled the development of a new approach towards 
differential gene expression analysis as described by Vasmatzis et al. (1998). The 
approach is simple in theory : EST databases are first searched for genes that have a 
number of related EST sequences from the target tissue of choice, but none or few 
from non-target tissue libraries. Programmes to assist in the assembly of such sets of 
overlapping data may be developed in-house or obtained privately or from the 
internet. For example, the Institute for Genomic Research (TIGR, found at 
http://www.tigr.org) provides many software tools free of charge to the scientific 
community. Included amongst these is the TIGR assembler (Sutton et al. 1995), a 
tool for the assembly of large sets of overlapping data such as ESTs, bacterial 
artificial chromosomes (BAC)s, or small genomes. Candidate EST clones repre- 
senting different genes are then analysed using RN A blot methods for size and tissue 
specificity and, if required, used as probes to isolate and identify the full length 
cDN A clone for further characterization. In practice however, the method is rather 
more involved, requiring bioinformatic and computer analysis coupled with 
confirmatory molecular studies. Vasmatzis et al. (1998) have described several 
problems in this fledgling approach, such as separating highly homologous 
sequences derived from different genes and an overemphasis of specificity for some 
EST sequences. However, since these problems will largely be addressed by the 
development of more suitable computer algorithms and an increased completeness 
of the EST database, it is likely that this approach to identifying differentially 
expressed genes may enjoy more patronage in the future. 



Problems and potential of differential expression techniques 

The holistic or single cell approach ? 

When working with in vivo models of differential expression, one of the first 
issues to consider must be the presence of multiple cell types in any given specimen. 
For example, a liver sample is likely to contain not only hepatocytes, but also 
(potentially) Ito cells, bile ductule cells, endothelial cells, various immune cells (e.g. 
lymphocytes, macrophages and Kupffer cells) and fibroblasts. Other tissues will 
each have their own distinctive cell populations. Also, in the case of neoplastic tissue, 
there are almost always normal, hyperplastic and/or dysplastic cells present in a 
sample. One must, therefore, be aware that genes obtained from a differential 
display experiment performed on an animal tissue model may not necessarily arise 
exclusively from the intended target' cells, e.g. hepatocytes/neoplastic cells. If 
appropriate, further analyses using immunohistochemistry, in situ hybridization or 
in situ RT-PCR should be used to confirm which cell types are expressing the 
gene(s) of interest. This problem is probably most acute for those studying the 
differential expression of genes in the development of different cell types, where 
there is a need to examine homologous cell populations. The problem is now being 
addressed at the National Cancer Institute (Bethesda, MD, USA) where new micro- 
disection techniques have been employed to assist in their gene analysis programme, 
the Cancer Genome Anatomy Project (CG AP) (For more information see web site : 
http : / /www. ncbi.nlm.nih.gov /ncicgap /intro.html). There are also separation tech- 
niques available that utilise cell-specific antigens as a means to isolate target cells, 
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e.g. fluorescence activated cell sorting (FACS) (Dunbar et al. 1998, Kas-Deelen et 
al. 1998) and magnetic bead technology (Richard et al 1998, Rogler et al. 1998). 

However, those taking a holistic approach may consider this issue unimportant. 
There is an equally appropriate view that all those genes showing altered expression 
within a compromized tissue should be taken into consideration. After all, since all 
tissues are complex mixes of different, interacting cell types which intimately 
regulate each other's growth and development, it is clear that each cell type could in 
some way contribute (positively or negatively) towards the molecular mechanisms 
which lie behind responses to external stimuli or neoplastic growth. It is perhaps 
then more informative to carry out differential display experiments using in vivo as 
opposed to in vitro models, where uniform populations of identical cells probably 
represent a partial, skewed or even inaccurate picture of the molecular changes that 
occur. 

The incidence and possible implications of inter-individual biological variation 
should be considered in any approach where whole animal models are being used. It 
is clear that individuals (humans and animals) respond in different ways to identical 
stimuli. One of the best characterized examples is the debrisoquine oxidation 
polymorphism, which is mediated by cytochrome CYP2D6 and determines the 
pharmacokinetics of many commonly prescribed drugs (Lennard 1993, Meyer and 
Zanger 1997). The reasons for such differences are varied and complex, but allelic 
variations, regulatory region polymorphisms and even physical and mental health 
can all contribute to observed differences in individual responses. Careful thought 
should, therefore, be given to the specific objectives of the study and to the possible 
value of pooling starting material (tissue/mRNA). The effect of this can be 
beneficial through the ironing out of exaggerated responses and unimportant minor 
fluctuations of (mechanistically) irrelevant genes in individual animals, thus 
providing a clearer overall picture of the general molecular mechanisms of the 
response. However, at the same time such minor variations may be of utmost 
importance in deciding the ability of individual animals to succumb to or resist the 
effects of a given chemical/disease. 



How efficient are differential expression techniques at recovering a high percentage of 
differentially expressed genes? 

A number of groups have produced experimental data suggesting that mam- 
malian cells produce between 8000-15000 different mRNA species at any one time 
(Mechler and Rabbitts 1981, Hedrick et al. 1984, Bravo 1990), although figures as 
high as 20-30000 have also been quoted (Axel et al. 1976). Hedrick et al. (1984) 
provided evidence suggesting that the majority of these belong to the rare abundance 
class. A breakdown of this abundance distribution is shown in table 1. 

When the results of differential display experiments have been compared with 
data obtained previously using other methods, it is apparent that not all differentially 
expressed mRNAs are represented in the final display. In particular, rare messages 
(which, importantly, often include regulatory proteins) are not easily recovered 
using differential display systems. This is a major shortcoming, as the majority of 
mRNA species exist at levels of less than 0.005% of the total population (table 1). 
Bertioli et al. (1995) examined the efficiency of DD templates (heterogeneous 
mRNA populations) for recovering rare messages and were unable to detect mRNA 
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species present at less than 1.2% of the total mRNA population — equivalent to an 
intermediate or abundant species. Interestingly, when simple model systems (single 
target only) were used instead of a heterogeneous mRNA population, the same 
primers could detect levels of target mRNA down to 10000X smaller. These results 
are probably best explained by competition for substrates from the many PCR 
products produced in a DD reaction. 

The numbers of differentially expressed mRNAs reported in the literature using 
various model systems provides further evidence that many differentially expressed 
mRNAs are not recovered. For example, DeRisi et al. (1997) used DNA array 
technology to examine gene expression in yeast following exhaustion of sugar in the 
medium, and found that more than 1700 genes showed a change in expression of at 
least 2-fold. In light of such a finding, it would not be unreasonable to suggest that 
of the 8000-15 000 different mRNA species produced by any given mammalian cell, 
up to 1000 or more may show altered expression following chemical stimulation. 
Whilst this may be an extreme figure, it is known that at least 100 genes are 
activated/upregulated in Jurkat (T-) cells following IL-2 stimulation (Ullman et al. 
1990). In addition, Wan et al. (1996) estimated that interferon- ^-stimulated HeLa 
cells differentially express up to 433 genes (assuming 24000 distinct mRNAs 
expressed by the cells). However, there have been few publications documenting 
anywhere near the recovery of these numbers. For example, in using DD to compare 
normal and regenerating mouse liver, Bauer et al. (1993) found only 70 of 38000 
total bands to be different. Of these, 50% (35 genes) were shown to correspond to 
differentially expressed bands. Chen et al. (1996) reported 10 genes upregulated in 
female rat liver following ethinyl estradiol treatment. McKenzie and Drake (1997) 
identified 14 different gene products whose expression was altered by phorbol 
myristate acetate (PMA, a tumour promoter agent) stimulation of a human 
myelomonocytic cell line. Kilty and Vickers (1997) identified 10 different gene 
products whose expression was upregulated in the peripheral blood leukocytes of 
allergic disease sufferers. Linskens et al. (1995) found 23 genes differentially 
expressed between young and senescent fibroblasts. Techniques other than DD 
have also provided an apparent paucity of differentially expressed genes. Using SH 
for example, Cao et al. (1997) found 15 genes differentially expressed in colorectal 
cancer compared to normal mucosal epithelium. Fitzpatrick et al. (1995) isolated 17 
genes upregulated in rat liver following treatment with the peroxisome proliferator, 
clofibrate; Philips et al. (1990) isolated 12 cDNA clones which were upregulated in 
highly metastatic mammary adenocarcinoma cell lines compared to poorly meta- 
static ones. Prashar and Weissman (1996) used 3' restriction fragment analysis and 
identified approximately. 40 genes showing altered expression within 4 h of 
activation of Jurkat T-cells. Groenink and Leegwater (1996) analysed 27 gene 
fragments isolated using SSH of delayed early response phase of liver regeneration 
and found only 12 to be upregulated. 

In the laboratory, SSH was used to isolate up to 70 candidate genes which appear 
to show altered expression in guinea pig liver following short-term treatment with 
the peroxisome proliferator, WY-14,643 (Rockett, Swales, Esdaile and Gibson, 
unpublished observations). However, these findings have still to be confirmed by 
analysis of the extracted tissue mRNA for differential expression of these sequences. 

Whilst the latest differential display technologies are purported to include design 
and experimental modifications to overcome this lack of efficiency (in both the total 
number of differentially expressed genes recovered and the percentage that are true 
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positives), it is still not clear if such adaptations are practically effective — proving 
efficiency by spiking with a known amount of limited numbers of artificial 
construct(s) is one thing, but isolating a high percentage of the rare messages already 
present in an mRNA population is another. Of course, some models will genuinely 
produce only a small number of differentially expressed genes. In addition, there are 
also technical problems that can reduce efficiency. For example, mRNAs may have 
an unusual primary structure that effectively prevents their amplification by PCR- 
based systems. In addition, it is known that under certain circumstances not all 
mRNAs have 3 'poly A sites. For example, during Xenopus development, deadenyl- 
ation is used as a means to stabilize RNAs (Voeltz and Steitz 1998), whilst 
preferential deadenylation may play a role in regulating Hsp70 (and perhaps, 
therefore, other stress protein) expression in Drosophila (Dellavalle et al. 1994). The 
presence of deadenylated mRNAs would clearly reduce the efficiency of systems 
utilizing a polydT reverse transcription step. The efficiency of any system also 
depends on the quality of the starting material. All differential display techniques 
use mRNA as their target material. However, it is difficult to isolate mRNA that is 
completely free of ribosomal RNA. Even if polydT primers are used to prime first 
strand cDNA synthesis, ribosomal RNA is often transcribed to some degree 
(Clontech PCR-Select cDNA Subtraction kit user manual). It has been shown, at 
least in the case of SSH, that a high rRNA:mRNA ratio can lead to inefficient 
subtractive hybridization (Clontech PCR-Select cDNA Subtraction kit user 
manual), and there is no reason to suppose that it will not do likewise in other SH 
approaches. Finally, those techniques that utilise a presubtraction amplification step 
(e.g. RDA) may present a skewed representation since some sequences amplify 
better than others. 

Of course, probably the most important consideration is the temporal factor. It 
is clear that any given differential display experiment can only interrogate a cell at 
one point in time. It may well be that a high percentage of the genes showing altered 
expression at that time are obtained. However, given that disease processes and 
responses to environmental stimuli involve dynamic cascades of signalling, 
regulation, production and action, it is clear that all those genes which are switched 
on/off at different times will not be recovered and, therefore, vital information may 
well be missed. It is, therefore, imperative to obtain as much information about the 
model system beforehand as possible, from which a strategy can be derived for 
targeting specific time points or events that are of particular interest to the 
investigator. One way of getting round this problem of single time point analysis is 
to conduct the experiment over a suitable time course which, of course, adds 
substantially to the amount of work involved. 



How sensitive are differential expression technologies ? 

There has been little published data that addresses the issue of how large the 
change in expression must be for it to permit isolation of the gene in question with 
the various differential expression technologies. Although the isolation of genes 
whose expression is changed as little as 1.5-fold has been reported using SSH 
(Groenink and Leegwater 1996), it appears that those demonstrating a change in 
excess of 5 -fold are more likely to be picked up. Thus, there is a 'grey zone' 
in between where small changes could fade in and out of isolation between 
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experiments and animals. DD, on the other hand, is not subject to this grey 
zone since, unlike SH approaches, it does not amplify the difference in expression 
between two samples. Wan et al. (1996) reported that differences in expression of 
twofold or more are detectable using DD. 

Resolution and visualization of differential expression products 

It seems highly improbable with current technology that a gel system could be 
developed that is able to resolve all gene species showing altered expression in any 
given test system (be it SH- or DD-based). Polyacrylamide gel electrophoresis 
(PAGE) can resolve size differences down to 0.2% (Sambrook et al. 1989) and are 
used as standard in DD experiments. Even so, it is clear that a complex series of gene 
products such as those seen in a DD will contain unresolvable components. Thus, 
what appears to be one band in a gel may in fact turn out to be several. Indeed, it has 
been well documented (Mathieu-Daude et al. 1996, Smith et al. 1997) that a single 
band extracted from a DD often represents a composite of heterogeneous products, 
and the same has been found for SSH displays in this laboratory (Rockett et al. 
1997). One possible solution was offered by Mathieu-Daude et al. (1996), who 
extracted and reamplified candidate bands from a DD display and used single strand 
conformation polymorphism (SSCP) analysis to confirm which components 
represented the truly differentially expressed product. 

Many scientists often try to avoid the use of PAGE where possible because it is 
technically more demanding than agarose gel electrophoresis (AGE). Unfortunately, 
high resolution agarose gels such as Metaphor (FMC, Lichfield, UK) and AquaPor 
HR (National Diagnostics, Hessle, UK), whilst easier to prepare and manipulate 
than PAGE, can only separate DNA sequences which differ in size by around 
1.5-2% (15-20 base pairs for a 1Kb fragment). Thus, SSH, RDA or other such 
products which differ in size by less than this amount are normally not resolvable. 
However, a simple technique does in fact exist for increasing the resolving power of 
AGE — the inclusion of H A-red (10-phenyl neutral red-PEG ligand) or HA-yellow 
(bisbenzamide-PEG ligand) (Hanse Analytik GmbH, Bremen, Germany) in a 
gel separates identical or closely sized products on base content. Specifically, 
HA-red and -yellow selectively bind to GC and AT DNA motifs, respectively 
(Wawer et al. 1995, Hanse Analytik 1997, personal communication). Since both 
HA-stains possess an overall positive charge, they migrate towards the cathode 
when an electric field is applied. This is in direct opposition to DNA, which 
is negatively charged and, therefore, migrates towards the anode. Thus, if two 
DNA clones are identical in size (as perceived on a standard high resolution 
agarose gel), but differ in AT/GC content, inclusion of a HA-dye in the gel 
will effectively retard the migration of one of the sequences compared to the 
other, effectively making it apparently larger and, thus, providing a means of 
differentiating between the two. The use of HA-red has been shown to resolve 
sequences with an AT variation of less than 1% (Wawer et al. 1995), whilst Hanse 
Analytik have reported that HA staining is so sensitive that in one case it was used 
to distinguish two 567bp sequences which differed by only a single point mutation 
(Hanse Analytik 1996, personal communication). Therefore, if one wishes to check 
whether all the clones produced from a specific band in a differential display 
experiment are derived from the same gene species, a small amount of reamplified 
or digested clone can be run on a standard high resolution gel, and a second aliquot 
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Figure 10. Discrimination of clones of identical/nearly identical size using HA-red. Bands of decreasing 
size (1-5) were extracted from the final display of a suppression subtractive hybridization 
experiment and cloned. Seven colonies were picked at random from each cloned band and their 
inserts amplified using PCR. The products were run on two gels, (A) a high resolution 2 % agarose 
gel, and (B) a high resolution 2% agarose gel containing 1 U/ml HA-red. With few exceptions, all 
the clones from each band appear to be the same size (gel A). However, the presence of HA-red 
(gel B), which separates identically-sized DNA fragments based on the percentage of GC within 
the sequence, clearly indicates the presence of different gene species within each band. For 
example, even though all five re-amplified clones of band 1 appear to be the same size, at least four 
different gene species are represented. 

in a similar gel containing one of the HA-stains. The standard gel should indicate 
any gross size differences, whilst the HA-stained gel should separate otherwise 
unresolvable species (on standard AGE) according to their base content. Geisinger 
et aL (1997) reported successful use of this approach for identifying DD-derived 
clones. Figure 10 shows such an experiment carried out in this laboratory on clones 
obtained from a band extracted from an SSH display. 

An alternative approach is to carry out a 2-D analysis of the differential display 
products. In this approach, size-based separation is first carried out in a standard 
agarose gel. The gel slice containing the display is then extracted and incorporated 
in to a HA gel for resolution based on AT/GC content. 

Of course, one should always consider the possibility of there being different 
gene species which are the same size and have the same GC /AT content. However, 
even these species are not unresolvable given some effort — again, one might use 
SSCP, or perhaps a denaturing gradient gel electrophoresis (DGGE) or temperature 
gradient field electrophoresis (TGGE) approach to resolve the contents of a band, 
either directly on the extracted band (Suzuki et aL 1991) or on the reamplified 
product. 

The requirement of some differential display techniques to visualize large 
numbers of products (e.g. DD and GEF) can also present a problem in that, in terms 
of numbers, the resolution of PAGE rarely exceeds 300-400 bands. One approach to 
overcoming this might be to use 2-D gels such as those described by Uitterlinden et 
aL (1989) and Hatada et aL (1991). 
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Extraction of differentially expressed bands from a gel can be complex since, in 
some cases (e.g. DD, GEF), the results are visualized by autoradiographic means, 
such that precise overlay of the developed film on the gel must occur if the correct 
band is to be extracted for further analysis. Clearly, a misjudged extraction can 
account for many man-hours lost. This problem, and that of the use of radioisotopes, 
has been addressed by several groups. For example, Lohmann et al. (1995) 
demonstrated that silver staining can be used directly to visualize DD bands in 
horizontal PAGs. An et al. (1996) avoided the use of radioisotopes by transferring a 
small amount (20-30%) of the DNA from their DD to a nylon membrane, and 
visualizing the bands using chemiluminescent staining before going back to extract 
the remaining DNA from the gel. Chen and Peck (1996) went one step further and 
transferred the entire DD to a nylon membrane. The DNA bands were then 
visualized using a digoxigenin (DIG) system (DIG was attached to the polydT 
primers used in the differential display procedure). Differentially expressed bands 
were cut from the membrane and the DNA eluted by washing with PCR buffer prior 
to reamplification. 

One of the advantages of using techniques such as SSH and RDA is that the final 
display can be run on an agarose gel and the bands visualized with simple ethidium 
bromide staining. Whilst this approach can provide acceptable results, overstaining 
with SYBR Green I or SYBR Gold nucleic acid stains (FMC) effectively enhances 
the intensity and sharpness of the bands. This greatly aids in their precise extraction 
and often reveals some faint products that may otherwise be overlooked. Whilst 
differential displays stained with SYBR Green I are better visualized using short 
wavelength UV (254 nm) rather than medium wavelength (306 nm), the shorter 
wavelength is much more DNA damaging. In practice, it takes only a few seconds 
to damage DNA extracted under 254 nm irradiation, effectively preventing 
reamplification and cloning. The best approach is to overstain with SYBR Green I 
and extract bands under a medium wavelength UV transillumination. 

The possible use of 'microflngerprinting ' to reduce complexity 

Given the sheer number of gene products and the possible complexity of each 
band, an alternative approach to rapid characterization may be to use an enhanced 
analysis of a small section of a differential display — a 'sub-fingerprint' or 'micro- 
fingerprint'. In this case, one could concentrate on those bands which only appear 
in a particular chosen size region. Reducing the fingerprint in this way has at least 
two advantages. One is that it should be possible to use different gel types, 
concentrations and run times tailored exactly to that region. Currently, one might 
run products from 1 00-3000 4- bp on the same gel, which leads to compromize in the 
gel system being used and consequently to suboptimal resolution, both in terms of 
size and numbers, and can lead to problems in the accurate excision of individual 
bands. Secondly, it may be possible to enhance resolution by using a 2-D analysis 
using a H A-stain, as described earlier. In summary, if a range of gene product sizes 
is carefully chosen to included certain ' relevant' genes, the 2-D system standardized, 
and appropriate gene analysis used, it may be possible to develop a method for the 
early and rapid identification of compounds which have similar or widely different 
cellular effects. If the prognosis for exposure to one or more other chemicals which 
display a similar profile is already known, then one could perhaps predict similar 
effects for any new compounds which show a similar micro-fingerprint. 



682 



J. C. Rockett et al. 



An alternative approach to microfingerprinting is to examine altered expression 
in specific families of genes through careful selection of PCR primers and/or post- 
reaction analysis. Stress genes, growth factors and/or their receptors, cell cycling 
genes, cytochromes P450 and regulatory proteins might be considered as candidates 
for analysis in this way. Indeed, some off-the-shelf DNA arrays (e.g. Clontech's 
Atlas cDNA Expression Array series) already anticipated this to some degree by 
grouping together genes involved in different responses e.g. apoptosis, stress, DNA- 
damage response etc. 



Screening 

False positives 

The generation of false positives has been discussed at length amongst the 
differential display community (Liang etal. 1993, 1995, Nishio et al. 1994, Sun ^ al. 
1994, Sompayrac et al. 1995). The reason for false positives varies with the 
technique being used. For instance, in RDA, the use of adaptors which have not 
been HPLC purified can lead to the production of false positives through illegitimate 
ligation events (O'Neill and Sinclair 1997), whilst in DD they can arise through 
PCR artifacts and illegitemate transcription of rRNA. In SH, false positives appear 
to be derived largely from abundant gene species, although some may arise from 
cDNA /mRNA species which do not undergo hybridization for technical reasons. 

A quick screening of putative differentially expressed clones can be carried out 
using a simple dot blot approach, in which labelled first strand probes synthesized 
from tester and driver mRNA are hybridized to an array of said clones (Hedrick et 
al. 1984, Sakaguchi et al. 1986). Differentially expressed clones will hybridize to 
tester probe, but not driver. The disadvantage of this approach is that rare species 
may not generate detectable hybridization signals. One option for those using SSH 
is to screen the clones using a labelled probe generated from the subtracted cDNA 
from which it was derived, and with a probe made from the reverse subtraction 
reaction (ClonTechniques 1997a). Since the SSH method enriches rare sequences, 
it should be possible to confirm the presence of clones representing low abundance 
genes. Despite this quick screening step, there is still the need to go back to the 
original mRNA and confirm the altered expression using a more quantitative 
approach. Although this may be achieved using Northern blots, the sensitivity is 
poor by today's high standards and one must rely on PCR methods for accurate and 
sensitive determinations (see below). 



Sequence analysis 

The majority of differential display procedures produce final products which are 
between 100 and lOOObp in size. However, this may considerably reduce the size of 
the sequence for analysis of the DNA databases. This in turn leads to a reduced 
confidence in the result — several families of genes have members whose DNA 
sequences are almost identical except in a few key stretches, e.g. the cytochrome 
P450 gene superfamily (Nelson et al. 1996). Thus, does the clone identified as being 
almost identical to gene X 0 really come from that gene, or its brother gene X ( or its 
as yet undiscovered sister X 2 ? For example, using SSH, part of a gene was isolated, 
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which was up-regulated in the liver of rats exposed to Wy-14,643 and was identified 
by a FASTA search as being transferrin (data not shown). However, transferrin is 
known to be downregulated by hypolipidemic peroxisome proliferators such as Wy- 
14,643 (Hertz et al. 1996), and this was confirmed with subsequent RT-PCR 
analysis. This suggests that the gene sequence isolated may belong to a gene which 
is closely related to transferrin, but is regulated by a different mechanism. 

A further problem associated with SH technology is redundancy. In most cases 
before SH is carried out, the cDNA population must first be simplified by restriction 
digestion. This is important for at least two reasons : 

(1) To reduce complexity — long cDNA fragments may form complex networks 
which prevent the formation of appropriate hybrids, especially at the high 
concentrations required for efficient hybridization. 

(2) Cutting the cDNAs into small fragments provides better representation of 
individual genes. This is because genes derived from related but distinct 
members of gene families often have similar coding sequences that may cross- 
hybridize and be eliminated during the subtraction procedure (Ko 1990). 
Furthermore, different fragments from the same cDN A may differ considerably 
in terms of hybridization and amplification and, thus, may not efficiently do one 
or the other (Wang and Brown 1991). Thus, some fragments from differentially 
expressed cDNAs may be eliminated during subtractive hybridization pro- 
cedures. However, other fragments may be enriched and isolated. As a 
consequence of this, some genes will be cut one or more times, giving rise to two 
or more fragments of different sizes. If those same genes are differentially 
expressed, then two or more of the different size fragments may come through 
as separate bands on the final differential display, increasing the observed 
redundancy and increasing the number of redundant sequencing reactions. 

Sequence comparisons also throw up another important point — at what degree 
of sequence similarity does one accept a result. Is 90% identitiy between a gene 
derived from your model species and another acceptably close? Is 95% between 
your sequence and one from the same species also acceptable? This problem is 
particularly relevant when the forward and reverse sequence comparisons give 
similar sequences with completely different gene species! An arbitrary decision 
seems to be to allocate genes that are definite (95% and above similarity) and then 
group those between 60 and 95% as being related or possible homologues. 

Quantitative analysis 

At some point, one must give consideration to the quantitative analysis of the 
candidate genes, either as a means of confirming that they are truly differentially 
expressed, or in order to establish just what the differences are. Northern blot 
analysis is a popular approach as it is relatively easy and quick to perform. However, 
the major drawback with Northern blots is that they are often not sensitive enough 
to detect rare sequences. Since the majority of messages expressed in a cell are of low 
abundance (see table 1), this is a major problem. Consequently, RT-PCR may be the 
method of choice for confirming differential expression. Although the procedure is 
somewhat more complex than Northern analysis, requiring synthesis of primers and 
optimization of reaction conditions for each gene species, it is now possible to set up 
high throughput PCR systems using mulitchannel pipettes, 96 +-well plates and 
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appropriate thermal cycling technology. Whilst quantitative analysis is more 
desirable, being more accurate and without reliance on an internal standard, the 
money and time needed to develop a competitor molecule is often excessive, 
especially when one might be examining tens or even hundreds of gene species. The 
use of semi-quantitative analysis is simpler, although still relatively involved. One 
must first of all choose an internal standard that does not change in the test cells 
compared to the controls. Numerous reference genes have been tried in the past, for 
example interferon-gamma (IFN-y, Frye et al. 1989), y3-actin (Heuval et al. 1994), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Wong et al. 1994), di- 
hydrofolate reductase (DHFR, Mohler and Butler 1991), p-2 -microglobulin (0-2- 
m, Murphy et al. 1990), hypoxanthine phosphoribosyl transferase (HPRT, Foss et 
al. 1998) and a number of others (ClonTechniques 1997b). Ideally, an internal 
standard should not change its level of expression in the cell regardless of cell age, 
stage in the cell cycle or through the effects of external stimuli. However, it has been 
shown on numerous occasions that the levels of most housekeeping genes currently 
used by the research community do in fact change under certain conditions and in 
different tissues (ClonTechniques 1997b). It is imperative, therefore, that pre- 
liminary experiments be carried out on a panel of housekeeping genes to establish 
their suitability for use in the model system. 

Interpretation of quantitative data must also be treated with caution. By 
comparing the lists of genes identified by differential expression one can perhaps 
gain insight into why two different species react in different ways to external stimuli. 
For example, rats and mice appear sensitive to the non-genotoxic effects of a wide 
range of peroxisome proliferators whilst Syrian hamsters and guinea pigs are largely 
resistant (Orton et al. 1984, Rodricks and Turnbull 1987, Lake et al. 1989, 1993, 
Makowska et al. 1992). A simplified approach to resolving the reason(s) why is to 
compare lists of up- and down-regulated genes in order to identify those which are 
expressed in only one species and, through background knowledge of the effects of 
the said gene, might suggest a mechanism of facilitated non-genotoxic carcinogenesis 
or protection. Of course, the situation is likely to be far more complex. Perhaps if 
there were one key gene protecting guinea pig from non-genotoxic effects and it was 
upregulated 50 times by PPs, the same gene might only be up-regulated five times 
in the rat. However, since both were noted to be upregulated, the importance of the 
gene may be overlooked. Just to complicate matters, a large change in expression 
does not necessarily mean a biologically important change. For example, what is the 
true relevance of gene Y which shows a 50-fold increase after a particular treatment, 
and gene Z which shows only a 5-fold increase ? If one examines the literature one 
may find that historically, gene Y has often been shown to be up-regulated 40-60- 
fold by a number of unrelated stimuli — in light of this the 50-fold increase would 
appear less significant. However, the literature may show that gene Z has never been 
recorded as having more than doubled in expression — which makes your 5-fold 
increase all the more exciting. Perhaps even more interesting is if that same 5-fold 
increase has only been seen in related neoplasms or following treatment with related 
chemicals. 

Problems in using the differential display approach 

Differential display technology originally held promise of an easily obtainable 
' fingerprint ' of those genes which are up- or down-regulated in test animals/cells in 
a developmental process or following exposure to given stimuli. However, it has 
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become clear that the fingerprinting process, whilst still valid, is much too complex 
to be represented by a single technique profile. This is because all differential display 
techniques have common and/or unique technical problems which preclude the 
isolation and identification of all those genes which show changes in expression. 
Furthermore, there are important genetic changes related to disease development 
which differential expression analysis is simply not designed to address. An example 
of this is the presence of small deletions, insertions, or point mutations such as those 
seen in activated oncogenes, tumour suppressor genes and individual poly- 
morphisms. Polymorphic variations, small though they usually are, are often 
regarded as being of paramount importance in explaining why some patients 
respond better than others to certain drug treatments (and, in logical extension, why 
some people are less affected by potentially dangerous xenobiotics /carcinogens than 
others). The identification of such point mutations and naturally occurring 
polymorphisms requires the subsequent application of sequencing, SSCP, DGGE 
or TGGE to the gene of interest. Furthermore, differential display is not designed 
to address issues such as alternatively spliced gene species or whether an increased 
abundance of mRNA is a result of increased transcription or increased mRNA 
stability. 



Conclusions 

Perhaps the main advantage of open system differential display techniques is that 
they are not limited by extant theories or researcher bias in revealing genes which are 
differentially expressed, since they are designed to amplify all genes which 
demonstrate altered expression. This means that they are useful for the isolation of 
previously unknown genes which may turn out be useful biomarkers of a particular 
state or condition. At least one open system (SAGE) is also quantitative, thus 
eliminating the need to return to the original mRNA and carry out Northern /PCR 
analysis to confirm the result. However, the rapid progress of genome mapping 
projects means that over the next 5-10 years or so, the balance of experimental use 
will switch from open to closed differential display systems, particularly DNA 
arrays. Arrays are easier and faster to prepare and use, provide quantitative data, are 
suitable for high throughput analysis and can be tailored to look at specific signalling 
pathways or families of genes. Identification of all the gene sequences in human and 
common laboratory animals combined with improved DNA array technology, 
means that it will soon no longer be necessary to try to isolate differentially expressed 
genes using the technically more demanding open system approach. Thus, their 
main advantage (that of identifying unknown genes) will be largely eradicated. It is 
likely, therefore, that their sphere of application will be reduced to analysis of the 
less common laboratory species, since it will be some time yet before the genomes of 
such animals as zebrafish, electric eels, gerbils, crayfish and squid, for example, will 
be sequenced. 

Of course, in the end the question will always remain: What is the functional/ 
biological significance of the identified, differentially expressed genes? One 
persistent problem is understanding whether differentially expressed genes are a 
cause or consequence of the altered state. Furthermore, many chemicals, such as 
non-genotoxic carcinogens, are also mitogens and so genes associated with 
replication will also be upregulated but may have little or nothing to do with the 
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carcinogenic effect. Whilst differential display technology cannot hope to answer 
these questions, it does provide a springboard from which identification, regulatory 
and functional studies can be launched. Understanding the molecular mechanism of 
cellular responses is almost impossible without knowing the regulation and function 
of those genes and their condition (e.g. mutated). In an abstract sense, differential 
display can be likened to a still photograph, showing details of a fixed moment in 
time. Consider the Historian who knows the outcome of a battle and the placement 
and condition of the troops before the battle commenced, but is asked to try and 
deduce how the battle progressed and why it ended as it did from a few still 
photographs — an impossible task. In order to understand the battle, the Historian 
must find out the capabilities and motivation of the soldiers and their commanding 
officers, what the orders were and whether they were obeyed. He must examine the 
terrain, the remains of the battle and consider the effects the prevailing weather 
conditions exerted. Likewise, if mechanistic answers are to be forthcoming, the 
scientist must use differential display in combination with other techniques, such as 
knockout technology, the analysis of cell signalling pathways, mutation analysis and 
time and dose response analyses. Although this review has emphasized the 
importance of differential gene profiling, it should not be considered in isolation and 
the full impact of this approach will be strengthened if used in combination with 
functional genomics and proteomics (2-dimensional protein gels from isoelectric 
focusing and subsequent SDS electrophoresis and virtual 2D -maps using capillary 
electrophoresis). Proteomics is attracting much recent attention as many of the 
changes resulting in differential gene expression do not involve changes in mRNA 
levels, as decribed extensively herein, but rather protein-protein, protein-DNA and 
protein phosphorylation events which would require functional genomics or 
proteomic technologies for investigation. 

Despite the limitations of differential display technology, it is clear that many 
potential applications and benefits can be obtained from characterizing the genetic 
changes that occur in a cell during normal and disease development and in response 
to chemical or biological insult. In light of functional data, such profiling will 
provide a ' fingerprint ' of each stage of development or response, and in the long 
term should help in the elucidation of specific and sensitive biomarkers for different 
types of chemical/biological exposure and disease states. The potential medical and 
therapeutic benefits of understanding such molecular changes are almost im- 
measurable. Amongst other things, such fingerprints could indicate the family or 
even specific type of chemical an individual has been exposed to plus the length 
and/or acuteness of that exposure, thus indicating the most prudent treatment. 
They may also help uncover differences in histologically identical cancers, provide 
diagnostic tests for the earliest stages of neoplasia and, again, perhaps indicate the 
most efficacious treatment. 

The Human Genome Project will be completed early in the next century and the 
DNA sequence of all the human genes will be known. The continuing development 
and evolution of differential gene expression technology will ensure that this 
knowledge contributes fully to the understanding of human disease processes. 
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ABSTRACT The recent ability to sequence whole genomes 
allows ready access to all genetic material. The approaches 
outlined here allow automated analysis of sequence for the 
synthesis of optimal primers in an automated multiplex 
oligonucleoUde synthesizer (AMOS). The efficiency is such 
tnat all ORFs for an organism can be amplified by PCR The 
resulting amplicons can be used directly in the construction of 
, arra yi or can «* c'oned for a large variety of functional 
analyses. These tools allow a replacement of single-gene 
analysis with a hig hly efficient whole-genome analysis. 

The genome sequencing projects have generated and will 
continue to generate enormous amounts of sequence data The 
genomes of Saccharomyces cerevisiae, Escherichia coli, Hae- 
mophilus influenzae (1), Mycoplasma genitalium (2). and Meth- 
anococcus jannaschii (3) have been completely sequenced 
Other model organisms have had substantial portions of their 
genomes sequenced as well, including the nematode Caeno- 
rhabdittselegans (4) and the small flowering plant Arabidopsis 
thaltana (5). This massive and increasing amount of sequence 
information allows the development of novel experimental 
approaches to identify gene function. 

One standard use of genome sequence data is to attempt to 
identify the functions of predicted open reading frames 
(UKhs) within the genome by comparison to genes of known 
Junction. Such a comparative analysis of all ORFs to existing 
sequence data is fast, simple, and requires no experimentation 
and is therefore a reasonable first step. While finding sequence 
homolog.es/motifs is not a substitute for experimentation 
noting the presence of sequence homology and/or sequence 
motifs can be a useful first step in finding interesting genes, in 
designing experiments and, in some cases, predicting function 
However, this type of analysis is frequently un informative For 
example, over one-half of new ORFs in S. cerevisiae have no 
known function (6). If this is the case in a well studied organism 
such as yeast, the problem will be even worse in organisms that 
are less well studied or less manipulate. A large, experimen- 
tally determined gene function database would make homol- 
ogy/motif searches much more useful. 

Experimental analysis must be performed to thoroughly 
understand the biological function of a gene product. Scaling 
up from classical "cottage industry" one-gene-oriented ap 
proaches to whole-genome analysis would be very expensive 
and laborious. It is clear that novel strategies are necessarv to 
efficiently pursue the next phase of the genome proiects- 
whole-genome experimental analysis to explore gene expres- 
sion gene product function, and other genome functions 
Model organisms, such as S. cerevisiae, will be extremely 
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important in the development of novel whole-genome analysis 
techniques and, subsequently, in improving our understanding 
of other more complex and less manipulate organisms. 

The genome sequence can be systematically used as a tool 
to understand ORFs. gene product function', and other ge- 
nome regions. Toward this end, a directed strategy has been 
developed for exploiting sequence information as a means of 
providing information about biological function (Fig 1) Ef- 
^Hi^noc directed ' ow ard *e amplification of each 
predicted ORF or any other region of the genome ranging 
from a few base pairs to several kilobase pairs. There are many 
uses for these amplicons— they can be cloned into standard 
vectors or specialized expression vectors, or can be cloned into 
other specialized vectors such as those used for two-hybrid 
analysis. The amplicons can also be used directly by for 
example, arraying onto glass for expression analysis, for DNA 
binding assays, or for any direct DNA assay (7). As a pilot 
study, synthetic primers were made on the 96-well automated 
multiplex oligonucleotide synthesizer (AMOS) instrument (8) 
(hig^ 2). These oligonucleotides were used to amplify each 
ORF on yeast chromosome V. The current version of this 
instrument can synthesize three plates of 96 oligonucleotides 
r ( ;™ SeS) a " 8 " hr day - The amplification of the entire 
set of PCR products was then analyzed by gel electrophoresis 
(Hg. 3). Successful amplification of the proper length product 
on the first attempt was 95%. This project demonstrates that 
one can go directly from sequence information to biological 
analysis in a truly automated, totally directed manner 

These amplicons can be incorporated directlv in arrays or 
the amplicons can be cloned. If the amplicons are to be cloned 
novel sequences can be incorporated at the 5' end of the' 
oligonucleotide to facilitate cloning. One potential problem 
with cloning PCR products is that the cloned amplicons may 
contain sequence alterations that diminish their utility One 
option would be to resequence each individual amplicon 
However, this is expensive, inefficient, and time consuming A 
faster, more cost-effective, and more accurate approach is to 
apply comparative sequencing by denaturing HPLC (9) This 
method is capable of detecting a single base change in a 2-kb 
heteroduplex. Longer amplicons can be analyzed by use of 
appropriate restriction fragments. If any change is detected in 
a clone, an alternate clone of the same region can be analyzed 
Modifying Jhe system to allow high throughput analysis by 
denaturmg HPLC is also relatively simple and straightforward 
It amplicons are used directly on arrays without cloning it 
is important to note that, even if single PCR product bands are 
observed on gels, the PCR products will be contaminated with 
various amounts of other sequences. This contamination has 
the potential to affect the results in. for example, expression 
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Fl(i 1. Overview of systematic method for isolating individual 
genes. Sequence information is obtained automatically from sequence 
databases. The data are input into primer selection software specifi- 
cally designed to target ORFs as designated by database annotations. 
The output file containing the primer information is directly read by 
a high-throughput oligonucleotide synthesizer, which makes the oli- 
gonucleotides in 96-well plates (AMOS, automated multiplex oligo- 
nucleotide synthesizer). The forward and reverse primers are synthe- 
sized in the same location on separate plates to facilitate the down- 
stream handling of primers. The amplicons are generated by PCR in 
96-well plates as well. J 

analysis. On the other hand, direct use of the amplicons is 
much less labor intensive and greatly decreases the occurrence 
of mistakes in clone identification, a ubiquitous problem 
associated with large clone set archiving and retrieving 

Any large-scale effort to capture each ORF within a genome 
must rely on automation if cost is to be minimized while 
efficiency is maximized. Toward that end, primers targeting 
ORFs were designed automatically using simple new scripts 
and existing primer selection software. These script-selected 
primer sequences were directly read by the hieh-throuehput 
synthesizer and the forward and reverse primers were synthe- 
sized in separate plates in corresponding wells to facilitate 
automated pipetting and PCR amplifications. Each of the 
resulting PCR products, generated with minimum labor, con- 
tains a known, unique ORF. 

Large-scale genome analysis projects are dependent on 
newly emerging technologies to make the studies practical and 
economically feasible. For example, the cost of the primers a 
significant issue in the past, has been reduced dramatically to 
make feasible this and other projects that require tens of 
thousands of oligonucleotides. Other methods of high- 
throughput analysis are also vital to the success of functional 
analysis projects, such as microarraying and oligonucleotide 
chip methods (10-14). 

Changes in attitude are also required. One of the major costs 
of commercial oligonucleotides is extensive quality control 
such that virtually 100% of the supplied oligonucleotides are 
successfully synthesized and work for their intended purpose 
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Fl<i. 2 Overall approach for using database of a genome to direct 
biolog.cal analysis. The synthesis of the 6,000 ORFs (orfs) for each 

!w 1 7 reViSi " e Ca " * USCd manv a PP lica »ons utilizing both 
cloning and microarraying technology. 

Considerable cost reduction can be obtained by simply de- 
creasing the expected successful synthesis rate to 95-97% One 
can then achieve faster and cheaper whole genome coverage by 
simply adding a single quality control at the end of the 
experiment and batching the failures for resvnthesis 

The directed nature of the amplicon approach is of clear 
advantage. The sequence of each ORF is analyzed automati- 
on^ tu U "u que Spedfic primers are made «° ^rget each 
UKK I hus. there is relatively little time or labor involved— for 
example, no random cloning and subsequent screening is 
required because each product is known. In the test system 
primers for 240 ORFs from chromosome V were systematically 
synthesized, beginning from the left arm and continuing 
through to the right arm. At no poini was there anv manual 
analysis ot sequence information to generate the collection In 
many ways, now that the sequence is known, there is no need 
tor the researcher to examine it. 

These amplicons can be arrayed and expression analysis can 

xt "^oV" arrayed ORFs with a sin S'<-- hybridization (10). 
Those ORFs that display significant differential expression 
patterns under a given selection are easily identified without 
ihc laborious task of searching for and then sequencing a clone. 
Once scaled up. the procedure provides even greater returns 
on effort, because a single hybridization will ultimately provide 
a "snapshot ol the expression of all genes in the veast genome 
I hus, the limiting factor in whole genome analysis will not be 
the analysis process itself, but will instead be the ability of 
researchers to design and carry out experimental selections 

Curreni expression and genetic analysis technologies are 
geared toward the analysis of single genes and are ill suited to 
analyze numerous genes under many conditions. Additional 
difficulties wtth current technologies include: the effort and 
expense required to analyze expression and make mutants, the 
potential duplication of effort if done by different laboratories, 
and the possibility of conflicting results obtained from differ- 
ent laboratories. In contrast, whole genome analysis not only 
is more eff.cient. it also provides data of much higher quality; 
all genes are assayed and compared in parallel under exactly 
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the same conditions. In addition, amplicons have many appli- 
cations beyond gene expression. For example, one recent 
approach is to incorporate a unique DNA sequence tag 
synthesized as part of each gene specific primer, during 
amplification. The tags or molecular bar codes, when reintro- 
duced into the organism as a gene deletion or as a gene clone 
can be used much more efficiently than individual mutations 
. or clones because pools of tagged mutants or transformants 
can be analyzed in parallel. This parallel analysis is possible 
because the tags are readily and quantitatively amplified even 
in complex mixtures of tags (13). 

These ORF genome arrays and oligonucleotide tagged 
libraries can be used for many applications. Any conventional 
selection apphed to a library that gives discrete or multiple 
products can use these technologies for a simple direct read- 
out. These include screens and selections for mutant comple- 
mentation, overexpression suppression (15, 16), second-site 
suppressors, synthetic lethality, drug target overexpression 
(17), two-hybrid screens (18), genome mismatch scanning (19) 
or recombination mapping. 

The genome projects have provided researchers with a vast 
amount of information. These data must be used efficiently 
and systematically to gain a truly comprehensive understand- 
ing of gene function and, more broadly, of the entire genome 
which can then be applied to other organisms. Such global 
approaches are essential if we are to gain an understanding of 
the living cell. This understanding should come from the 
viewpoint of the integration of complex regulatory networks 
the individual roles and interactions of thousands of functional' 
gene products, and the effect of environmental changes on 
both gene regulatory networks and the roles of all gene 
products. The time has come to switch from the analysis of a 
single gene to the analysis of the whole genome. 
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The availability of genome-scale DNA sequence information and reagents has radically altered life-science 
research. This revolution has led to the development of a new scientific subdiscipline derived from a combina- 
tion of the fields of toxicology and genomics. This subdiscipline, termed toxicogenomics, is concerned with the 
identification of potential human and environmental toxicants, and their putative mechanisms of action, through 
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the expression levels of thousands of genes simultaneously. Here we propose a general method by which gene 
expression, as measured by cDNA microarrays, can be used as a highly sensitive and informative marker for 
toxicity. Our purpose is to acquaint the reader with the development and current state of microarray technol- 
ogy and to present our view of the usefulness of microarrays to the field of toxicology. Mol. Carcinog. 24:153- 

159, 1999. © 1999 Wiley-Liss, Inc. 
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INTRODUCTION 

Technological advancements combined with in- 
tensive DNA sequencing efforts have generated an 
enormous database of sequence information over the 
past decade. To date, more than 3 million sequences, 
totaling over 2.2 billion bases [1], are contained 
within the GenBank database, which includes the 
complete sequences of 19 different organisms [2]. The 
first complete sequence of a free-living organism, 
Haemophilus influenzae, was reported in 1995 [3] and 
was followed shortly thereafter by the first complete 
sequence of a eukaryote, Saccharomyces cervisiae [4] . 
The development of dramatically improved sequenc- 
ing methodologies promises that complete elucida- 
tion of the Homo sapiens DNA sequence is not far 
behind [5]. 

To exploit more fully the wealth of new sequence 
information, it was necessary to develop novel meth- 
ods for the high-throughput or parallel monitoring 
of gene expression. Established methods such as 
northern blotting, RNAse protection assays, SI nu- 
clease analysis, plaque hybridization, and slot blots 
do not provide sufficient throughput to effectively 
utilize the new genomics resources. Newer methods 
such as differential display [6], high-density filter 
hybridization [7,8], serial analysis of gene expression 
[9], and cDNA- and oligonucleotide-based microarray 
"chip" hybridization [10-12] are possible solutions 
to this bottleneck. It is our belief that the microarray 
approach, which allows the monitoring of expres- 
sion levels of thousands of genes simultaneously, is 
a tool of unprecedented power for use in toxicology 
studies. 



Almost without exception, gene expression is al- 
tered during toxicity, as either a direct or indirect 
result of toxicant exposure. The challenge facing 
toxicologists is to define, under a given set of ex- 
perimental conditions, the characteristic and spe- 
cific pattern of gene expression elicited by a given 
toxicant. Microarray technology offers an ideal plat- 
form for this type of analysis and could be the foun- 
dation for a fundamentally new approach to 
toxicology testing. 

MICROARRAY DEVELOPMENT AND APPLICATIONS 

cDNA Microarrays 

In the past several years, numerous systems were 
developed for the construction of large-scale DNA 
arrays. All of these platforms are based on cDNAs 
or oligonucleotides immobilized to a solid sup- 
port. In the cDNA approach, cDNA (or genomic) 
clones of interest are arrayed in a multi-well for- 
mat and amplified by polymerase chain reaction. 
The products of this amplification, which are usu- 
ally 500- to 2000-bp clones from the 3' regions of 
the genes of interest, are then spotted onto solid 
support by using high-speed robotics. By using 
this method, microarrays of up to 10 000 clones 
can be generated by spotting onto a glass substrate 
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[13,14]. Sample detection for microarrays on glass 
involves the use of probes labeled with fluores- 
cent or radioactive nucleotides. 

Fluorescent cDNA probes are generated from con- 
trol and test RNA samples in single-round reverse-tran- 
scription reactions in the presence of fluorescently 
tagged dUTP (e.g., Cy3-dUTP and Cy5-dUTP), which 
produces control and test products labeled with dif- 
ferent fluors. The cDNAs generated from these two 
populations, collectively termed the "probe," are then 
mixed and hybridized to the array under a glass cov- 
erslip [10,11,15]. The fluorescent signal is detected 
by using a custom-designed scanning confocal mi- 
croscope equipped with a motorized stage and lasers 
for fluor excitation [10,11,15]. The data are analyzed 
with custom digital image analysis software that de- 
termines for each DNA feature the ratio of fluor 1 to 
fluor 2, corrected for local background [16,17]. The 
strength of this approach lies in the ability to label 
RNAs from control and treated samples with differ- 
ent fluorescent nucleotides, allowing for the simul- 
taneous hybridization and detection of both 
populations on one microarray. This method elimi- 
nates the need to control for hybridization between 
arrays. The research groups of Drs. Patrick Brown and 
Ron Davis at Stanford University spearheaded the 
effort to develop this approach, which has been suc- 
cessfully applied to studies of Arabidopsis thaliana 
RNA [10], yeast genomic DNA [15], tumorigenic ver- 
sus non-tumorigenic human tumor cell lines [11], 
human T-cells [18], yeast RNA [19], and human in- 
flammatory disease-related genes [20] . The most dra- 
matic result of this effort was the first published 
account of gene expression of an entire genome, that 
of the yeast Saccharomyces cervisiae [21]. 

In an alternative approach, large numbers of cDNA 
clones can be spotted onto a membrane support, al- 
beit at a lower density [7,22]. This method is useful 
for expression profiling and large-scale screening and 
mapping of genomic or cDNA clones [7,22-24]. In 
expression profiling on filter membranes, two dif- 
ferent membranes are used simultaneously for con- 
trol and test RNA hybridizations, or a single 
membrane is stripped and reprobed. The signal is 
detected by using radioactive nucleotides and visu- 
alized by phosphorimager analysis or autoradiogra- 
phy. Numerous companies now sell such cDNA 
membranes and software to analyze the image data 
[25-27]. 

Oligonucleotide Microarrays 

Oligonucleotide microarrays are constructed either 
by spotting prefabricated oligos on a glass support 
[13] or by the more elegant method of direct in situ 
oligo synthesis on the glass surface by photolithog- 
raphy [28-30] . The strength of this approach lies in 
its ability to discriminate DNA molecules based on 
single base-pair difference. This allows the applica- 
tion of this method to the fields of medical diagnos- 



tics, pharmacogenetics, and sequencing by hybrid- 
ization as well as gene-expression analysis. 

Fabrication of oligonucleotide chips by photoli- 
thography is theoretically simple but technically 
complex [29,30]. The light from a high-intensity 
mercury lamp is directed through a photolitho- 
graphic mask onto the silica surface, resulting in 
deprotection of the terminal nucleotides in the illu- 
minated regions. The entire chip is then reacted with 
the desired free nucleotide, resulting in selected chain 
elongation. This process requires only 4n cycles 
(where n = oligonucleotide length in bases) to syn- 
thesize a vast number of unique oligos, the total num- 
ber of which is limited only by the complexity of the 
photolithographic mask and the chip size [29,31,32]. 

Sample preparation involves the generation of 
double-stranded cDNA from cellular poly(A)+ RNA 
followed by antisense RNA synthesis in an in vitro 
transcription reaction with biotinylated or fluor- 
tagged nucleotides. The RNA probe is then frag- 
mented to facilitate hybridization. If the indirect 
visualization method is used, the chips are incubated 
with fluor-linked streptavidin (e.g., phycoerythrin) 
after hybridization [12,33]. The signal is detected with 
a custom confocal scanner [34]. This method has 
been applied successfully to the mapping of genomic 
library clones [35], to de novo sequencing by hybrid- 
ization [28,36], and to evolutionary sequence com- 
parison of the BRCA1 gene [37]. In addition, 
mutations in the cystic fibrosis [38] and BRCA1 [39] 
gene products and polymorphisms in the human im- 
munodeficiency virus- 1 clade B protease gene [40] 
have been detected by this method. Oligonucleotide 
chips are also useful for expression monitoring [33] 
as has been demonstrated by the simultaneous evalu- 
ation of gene-expression patterns in nearly all open 
reading frames of the yeast strain S. cerevisiae [12]. 
More recently, oligonucleotide chips have been used 
to help identify single nucleotide polymorphisms in 
the human [41] and yeast [42] genomes. 

THE USE OF MICROARRAYS IN TOXICOLOGY 

Screening for Mechanism of Action 

The field of toxicology uses numerous in vivo 
model systems, including the rat, mouse, and rab- 
bit, to assess potential toxicity and these bioassays 
are the mainstay of toxicology testing. However, in 
the past several decades, a plethora of in vitro tech- 
niques have been developed to measure toxicity, 
many of which measure toxicant-induced DNA dam- 
age. Examples of these assays include the Ames test, 
the Syrian hamster embryo cell transformation as- 
say, micronucleus assays, measurements of sister 
chromatid exchange and unscheduled DNA synthe- 
sis, and many others. Fundamental to all of these 
methods is the fact that toxicity is often preceded 
by, and results in, alterations in gene expression. In 
many cases, these changes in gene expression are a 
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far more sensitive, characteristic, and measurable 
endpoint than the toxicity itself. We therefore pro- 
pose that a method based on measurements of the 
genome-wide gene expression pattern of an organ- 
ism after toxicant exposure is fundamentally infor- 
mative and complements the established methods 
described above. 

We are developing a method by which toxicants 
can be identified and their putative mechanisms of 
action determined by using toxicant-induced gene ex- 
pression profiles. In this method, in one or more de- 
fined model systems, dose and time-course parameters 
are established for a series of toxicants within a given 
prototypic class (e.g., polycyclic aromatic hydrocar- 
bons (PAHs)). Cells are then treated with these agents 
at a fixed toxicity level (as measured by cell survival), 
RNA is harvested, and toxicant-induced gene expres- 
sion changes are assessed by hybridization to a cDNA 
microarray chip (Figure 1). We have developed a cus- 
tom DNA chip, called ToxChip vl.O, specifically for 
this purpose and will discuss it in more detail below. 
The changes in gene expression induced by the test 
agents in the model systems are analyzed, and the 
common set of changes unique to that class of toxi- 
cants, termed a toxicant signature, is determined. 

This signature is derived by ranking across all ex- 
periments the gene-expression data based on rela- 

Control 
Population 



tive fold induction or suppression of genes in treated 
samples versus untreated controls and selecting the 
most consistently different signals across the sample 
set. A different signature may be established for each 
prototypic toxicant class. Once the signatures are de- 
termined, gene-expression profiles induced by un- 
known agents in these same model systems can then 
be compared with the established signatures. A match 
assigns a putative mechanism of action to the test 
compound. Figure 2 illustrates this signature method 
for different types of oxidant stressors, PAHs, and 
peroxisome proliferators. In this example, the un- 
known compound in question had a gene-expres- 
sion profile similar to that of the oxidant stressors in 
the database. We anticipate that this general method 
will also reveal cross talk between different pathways 
induced by a single agent (e.g., reveal that a com- 
pound has both PAH-like and oxidant-like proper- 
ties). In the future, it may be necessary to distinguish 
very subtle differences between compounds within 
a very large sample set (e.g., thousands of highly simi- 
lar structural isomers in a combinatorial chemistry 
library or peptide library). To generate these highly 
refined signatures, standard statistical clustering tech- 
niques or principal-component analysis can be used. 

For the studies outlined in Figure 2, we developed 
the custom cDNA microarray chip ToxChip vl.O. 
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Figure 1. Simplified overview of the method for sample trative purposes, samples derived from cell culture are depicted, 
preparation and hybridization to cDNA microarrays. For illus- although other sample types are amenable to this analysis. 
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Figure 2. Schematic representation of the method for iden- 
tification of a toxicant's mechanism of action. In this method, 
gene-expression data derived from exposure of model sys- 
tems to known toxicants are analyzed, and a set of changes 
characteristic to that type of toxicant (termed the toxicant 
signature) is identified. As depicted, oxidant stressors produce 



consistent changes in group A genes (indicated by red and 
green circles), but not group B or C genes (indicated by gray 
circles). The set of gene-expression changes elicited by the 
suspected toxicant is then compared with these characteristic 
patterns, and a putative mechanism of action is assigned to 
the unknown agent. 



The 2090 human genes that comprise this subarray 
were selected for their well-documented involve- 
ment in basic cellular processes as well as their re- 
sponses to different types of toxic insult. Included 
on this list are DNA replication and repair genes, 
apoptosis genes, and genes responsive to PAHs and 
dioxin-like compounds, peroxisome proiiferators, 
estrogenic compounds, and oxidant stress. Some of 
the other categories of genes include transcription 
factors, oncogenes, tumor suppressor genes, cyclins, 
kinases, phosphatases, cell adhesion and motility 
genes, and homeobox genes. Also included in this 
group are 84 housekeeping genes, whose hybridiza- 
tion intensity is averaged and used for signal nor- 
malization of the other genes on the chip. To date, 
very few toxicants have been shown to have appre- 
ciable effects on the expression of these housekeep- 
ing genes. However, this housekeeping list will be 
revised if new data warrant the addition or deletion 
of a particular gene. Table 1 contains a general de- 
scription of some of the different classes of genes 
that comprise ToxChip vl.O. 

When a toxicant signature is determined, the 
genes within this signature are flagged within the 
database. When uncharacterized toxicants are then 
screened, the data can be quickly reformatted so that 
blocks of genes representing the different signatures 



are displayed [11]. This facilitates rapid, visual in- 
terpretation of data. We are also developing Tox- 
Chip v2.0 and chips for other model systems, 
including rat, mouse, Xenopus, and yeast, for use in 
toxicology studies. 

Animal Models in Toxicology Testing 

The toxicology community relies heavily on the 
use of animals as model systems for toxicology test- 
ing. Unfortunately, these assays are inherently ex- 
pensive, require large numbers of animals and take a 
long time to complete and analyze. Therefore, the 
National Institute of Environmental Health Sciences 
(NIEHS), the National Toxicology Program, and the 
toxicology community at large are committed to re- 
ducing the number of animals used, by developing 
more efficient and alternative testing methodologies. 
Although substantial progress has been made in the 
development of alternative methods, bioassays are 
still used for testing endpoints such as neurotoxic- 
ity, immunotoxicity, reproductive and developmen- 
tal toxicology, and genetic toxicology. The rodent 
cancer bioassay is a particularly expensive and time- 
consuming assay, as it requires almost 4 yr, 1200 
animals, and millions of dollars to execute and ana- 
lyze [43]. In vitro experiments of the type outlined 
in Figure 2 might provide evidence that an unknown 
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Table 1. ToxChip v1.0: A Human cDNA Microarray 
Chip Designed to Detect Responses to Toxic Insult 

No. of genes 



Gene category on chip 



Apoptosis 72 
DNA replication and repair 99 
Oxidative stress/redox homeostasis 90 
Peroxisome proliferator responsive 22 
Dioxi n/PAH responsive 12 
Estrogen responsive 63 
Housekeeping 84 
Oncogenes and tumor suppressor genes 76 
Cell-cycle control 51 

Transcription factors 1 3 1 

Kinases 276 
Phosphatases 88 
Heat-shock proteins 23 

Receptors 349 

Cytochrome P450s 30 



*This list is intended as a general guide. The gene categories are not 
unique, and some genes are listed in multiple categories. 

agent is (or is not) responsible for eliciting a given 
biological response. This information would help to 
select a bioassay more specifically suited to the agent 
in question or perhaps suggest that a bioassay is not 
necessary, which would dramatically reduce cost, 
animal use, and time. 

The addition of microarray techniques to stan- 
dard bioassays may dramatically enhance the sen- 
sitivity and interpretability of the bioassay and 
possibly reduce its cost. Gene-expression signatures 
could be determined for various types of tissue-spe- 
cific toxicants, and new compounds could be 
screened for these characteristic signatures, provid- 
ing a rapid and sensitive in vivo test. Also, because 
gene expression is often exquisitely sensitive to low 
doses of a toxicant, the combination of gene-expres- 
sion screening and the bioassay might allow the use 
of lower toxicant doses, which are more relevant to 
human exposure levels, and the use of fewer ani- 
mals. In addition, gene-expression changes are nor- 
mally measured in hours or days, not in the months 
to years required for tumor development. Further- 
more, microarrays might be particularly useful for 
investigating the relationship between acute and 
chronic toxicity and identifying secondary effects 
of a given toxicant by studying the relationship 
between the duration of exposure to a toxicant and 
the gene-expression profile produced. Thus, a bio- 
assay that incorporates gene-expression signatures 
with traditional endpoints might be substantially 
shorter, use more realistic dose regimens, and cost 
substantially less than the current assays do. 

These considerations are also relevant for branches 
of toxicology not related to human health and not 
using rodents as model systems, such as aquatic toxi- 
cology and plant pathology. Bioassays based on the 
flathead minnow, Daphnia, and Arabadopsis could 



also be improved by the addition of microarray analy- 
sis. The combination of microarrays with traditional 
bioassays might also be useful for investigating some 
of the more intractable problems in toxicology re- 
search, such as the effects of complex mixtures and 
the difficulties in cross-species extrapolation. 

Exposure Assessment, Environmental Monitoring, 
and Drug Safety 

The currently used methods for assessment of ex- 
posure to chemical toxicants are based on measure- 
ment of tissue toxin levels or on surrogate markers 
of toxicity, termed biomarkers (e.g., peripheral blood 
levels of hepatic enzymes or DNA adducts). Because 
gene expression is a sensitive endpoint, gene expres- 
sion as measured with microarray technology may 
be useful as a new biomarker to more precisely iden- 
tify hazards and to assess exposure. Similarly, 
microarrays could be used in an environmental- 
monitoring capacity to measure the effect of poten- 
tial contaminants on the gene-expression profiles 
of resident organisms. In an analogous fashion, 
microarrays could be used to measure gene-expres- 
sion endpoints in subjects in clinical trials. The com- 
bination of these gene-expression data and more 
established toxic endpoints in these trials could be 
used to define highly precise surrogates of safety. 

Gene-expression profiles in samples from exposed 
individuals could be compared to the profiles of the 
same individuals before exposure. From this infor- 
mation, the nature of the toxic exposure can be de- 
termined or a relative clinical safety factor estimated. 
In the future it may also be possible to estimate not 
only the nature but the dose of the toxicant for a 
given exposure, based on relative gene-expression 
levels. This general approach may be particularly 
appropriate for occupational-health applications, in 
which unexposed and exposed samples from the 
same individuals may be obtainable. For example, 
a pilot study of gene expression in peripheral-blood 
lymphocytes of Polish coke-oven workers exposed 
to PAHs (and many other compounds) is under con- 
sideration at the NIEHS. An important consideration 
for these types of studies is that gene expression can 
be affected by numerous factors, including diet, 
health, and personal habits. To reduce the effects 
of these confounding factors, it may be necessary 
to compare pools of control samples with pools of 
treated samples. In the future it may be possible to 
compare exposed sample sets to a national database 
of human-expression data, thus eliminating the 
need to provide an unexposed sample from the same 
individual. Efforts to develop such a national gene- 
expression database are currently under way [44,45]. 
However, this national database approach will re- 
quire a better understanding of genome-wide gene 
expression across the highly diverse human popu- 
lation and of the effects of environmental factors 
on this expression. 
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Alleles, Oligo Arrays, and Toxicogenetics 

Gene sequences vary between individuals, and 
this variability can be a causative factor in human 
diseases of environmental origin [46,47]. A new area 
of toxicology, termed toxicogenetics, was recently 
developed to study the relationship between genetic 
variability and toxicant susceptibility. This field is 
not the subject of this discussion, but it is worth- 
while to note that the ability of oligonucleotide ar- 
rays to discriminate DNA molecules based on single 
base-pair differences makes these arrays uniquely 
useful for this type of analysis. Recent reports dem- 
onstrated the feasibility of this approach [41,42]. 
The NIEHS has initiated the Environmental Genome 
Project to identify common sequence polymor- 
phisms in 200 genes thought to be involved in en- 
vironmental diseases [48]. In a pilot study on the 
feasibility of this application to the Environmental 
Genome Project, oligonucleotide arrays will be used 
to resequence 20 candidate genes. This toxicogenetic 
approach promises to dramatically improve our un- 
derstanding of interindividual variability in disease 
susceptibility. 

FUTURE PRIORITIES 

There are many issues that must be addressed be- 
fore the full potential of microarrays in toxicology 
research can be realized. Among these are model sys- 
tem selection, dose selection, and the temporal na- 
ture of gene expression. In other words, in which 
species, at what dose, and at what time do we look 
for toxicant-induced gene expression? If human 
samples are analyzed, how variable is global gene 
expression between individuals, before and after toxi- 
cant exposure? What are the effects of age, diet, and 
other factors on this expression? Experience, in the 
form of large data sets of toxicant exposures, will 
answer these questions. 

One of the most pressing issues for array scientists 
is the construction of a national public database 
(linked to the existing public databases) to serve as a 
repository for gene-expression data. This relational 
database must be made available for public use, and 
researchers must be encouraged to submit their ex- 
pression data so that others may view and query the 
information. Researchers at the National Institutes 
of Health have made laudable progress in develop- 
ing the first generation of such a database [44,45]. In 
addition, improved statistical methods for gene clus- 
tering and pattern recognition are needed to ana- 
lyze the data in such a public database. 

The proliferation of different platforms and meth- 
ods for microarray hybridizations will improve 
sample handling and data collection and analysis and 
reduce costs. However, the variety of microarray 
methods available will create problems of data com- 
patibility between platforms. In addition, the near- 
infinite variety of experimental conditions under 



which data will be collected by different laborato- 
ries will make large-scale data analysis extremely dif- 
ficult. To help circumvent these future problems, a 
set of standards to be included on all platforms 
should be established. These standards would facili- 
tate data entry into the national database and serve 
as reference points for cross-platform and inter-labo- 
ratory data analysis. 

Many issues remain to be resolved, but it is clear 
that new molecular techniques such as microarray 
hybridization will have a dramatic impact on toxicol- 
ogy research. In the future, the information gathered 
from microarray-based hybridization experiments will 
form the basis for an improved method to assess the 
impact of chemicals on human and environmental 
health. 
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Recent progress in genomics and protecmics technologies has created a unique opportunity to significantly impact 
the pharmaceutical drug development processes. The perception that cells and Sole organism's expre S 
inducible responses to stimuli such as drug treatment implies that unique expression patterns molecular fingerprints 
indicative of a drug's efficacy and potential toxicity are accessible. The integration Jo state-of-the-art toxicoWy of 
assays allowing one to profile treatment-related changes in gene expression patterns promises new iSK 
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1. Introduction 

The majority of drugs act by binding to protein 
targets, most to known proteins representing en- 
zymes, receptors and channels, resulting in effects 
such as enzyme inhibition and impairment of 
signal transduction. The treatment-induced per- 
turbations provoke feedback reactions aiming to 
compensate for the stimulus, which almost always 
are associated with signals to the nucleus, result- 
ing in altered gene expression. Such gene expres- 
sion regulations account for both the 
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pharmacological action and the toxicity of a drug 
and can be visualized by either global mRNA or 
global protein expression profiling. Hence, for 
each individual drug, a characteristic gene regula- 
tion pattern, its molecular fingerprint, exists 
which bears valuable information on its mode of 
action and its mechanism of toxicity. 

Gene expression is a multistep process that 
results in an active protein (Fig. 1). There exist 
numerous regulation systems that exert control at 
and after the transcription and the translation 
step. Genomics, by definition, encompasses the 
quantitative analysis of transcripts at the mRNA 
level, while the aim of proteomics is to quantify 
gene expression further down-stream, creating a 
snapshot of gene regulation closer to ultimate cell 
function control. 
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2. Global raRNA profiling 

Expression data at the mRNA level can be 
produced using a set of different technologies 
such as DNA microarrays, reverse transcript 
imaging, amplified fragment length polymorphism 
(AFLP), serial analysis of gene expression 
(SAGE) and others. Currently, DNA microarrays 
are very popular and promise a great potential. 
. On a typical array, each gene of interest is repre- 
sented either by a long DNA fragment (200-2400 
bp) typically generated by polymerase chain reac- 
tion (PCR) and spotted on a suitable substrate 
using robotics (Schena et ah, 1995; Shalon et aL 
1996) or by several short oligonucleotides (20-30 
bp) synthesized directly onto a solid support using 
photolabile nucleotide chemistry (Fodor et al" 
1991; Chee et al., 1996). From control and treated 
tissues, total RNA or mRNA is isolated and 
reverse transcribed in the presence of radioactive 
or fluorescent labeled nucleotides, and the labeled 
probes are then hybridized to the arrays. The 
intensity of the array signal is measured for each 
gene transcript by either autoradiography or laser 
scanning confocal microscopy. The ratio between 
the signals of control and treated samples reflect 
the relative drug-induced change in transcript 
abundance. 



3. Gi ba] protein profiling 

Global quantitative expression analysis at the 
protein level is currently restricted to the use of 
two-dimensional gel electrophoresis. This tech- 
nique combines separation of tissue proteins by 
isoelectric focusing in the first dimension and by 
sodium dodecyl sulfate slab gel electrophoresis- 
based molecular weight separation on the second, 
orthogonal dimension (Anderson et al., 1991). 
The product is a rectangular pattern of protein 
spots that are typically revealed by Coomassie 
Blue, silver or fluorescent staining (Fig. 2). 
Protein spots are identified by mass spectrometry 
following generation of peptide mass fingerprints 
(Mann et al., 1993) and sequence tags (Wilkins et 
al., 1996). Similar to the mRNA approach, the 
ratio between the optical density of spots from 
control and treated samples are compared to 
search for treatment-related changes. 



4. Expression data analysis 

Bioinformatics forms a key element required to 
organize, analyze and store expression data from 
either source, the mRNA or the protein level. The 
overall objective, once a mass of high-quality 
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quantitative expression data has been collected, is 
to visualize complex patterns of gene expression 
changes, to detect pathways and sets of genes 
tightly correlated with treatment efficacy and toxi- 
city, and to compare the effects of different sets of 
treatment (Anderson et al., 1996). As the drug 
effect database is growing, one may detect similar- 
ities and differences between the molecular finger- 
prints produced by various drugs, information 
that may be crucial to make a decision whether to 
refocus or extend the therapeutic spectrum of a 
drug candidate. 



5. Comparison of global mRNA and protein 
expression profiling 

There are several synergies and overlaps of data 
obtained by mRNA and protein expression analy- 
sis. Low abundant transcripts may not be easily 
quantified at the protein level using standard two- 
dimensional gel electrophoresis analysis and their 
detection may require prefractionation of sam- 
ples. The expression of such genes may be prefer- 
ably quantified at the mRNA level using 
techniques allowing PCR-mediated target amplifi- 
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cation. Tissue biopsy samples typically yield good 
quality of both mRNA and proteins; however, the 
quality of mRNA isolated from body fluids is 
often poor due to the faster degradation of 
mRNA when compared with proteins. RNA sam- 
ples from body fluids such as serum or urine are 
often not very meaningful', and secreted proteins 
are likely more reliable surrogate markers for 
treatment efficacy and safety. Detection of post- 
radiational modifications, events often related to 
function or nonfunction of a protein, is restricted 
to protein expression analysis and rarely can be 
predicted by mRNA profiling. Information on 
subcellular localization and translocation of 
proteins has to be acquired at the level of the 
protein in combination with sample prefractiona- 
tion procedures. The growing evidence of a poor 
correlation between mRNA and protein abun- 
dance (Anderson and Seilhamer, 1997) further 
suggests that the two approaches, mRNA and 
protein profiling, are complementary and should 
be applied in parallel. 



6. Expression profiling and drug development 

Understanding the mechanisms of action and 
toxicity, and being able to monitor treatment 
efficacy and safety during trials is crucial for the 
successful development of a drug. Mechanistic 
insights are essential for the interpretation of drug 
effects and enhance the chances of recognizing 
potential species specificities contributing to an 
improved risk profile in humans (Richardson et 
al., 1993; Steiner et aL 1996b; Aicher et ah, 1998). 
The value of expression profiling further increases 
when links between treatment-induced expression 
profiles and specific pharmacological and toxic 
endpoints are established (Anderson et al., 1991, 
1995, 1996; Steiner et al. 1996a). Changes in gene 
expression are known to precede the manifesta- 
tion of morphological alterations, giving expres- 
sion profiling a great potential for early 
compound screening, enabling one to select drug 
candidates with wide therapeutic windows 
reflected by molecular fingerprints indicative of 
high pharmacological potency and low toxicity 
(Arce et ah, 1998). In later phases of drug devel- 



opment, surrogate markers of treatment efficacy 
and toxicity can be applied to optimize the moni- 
toring of pre-clinical and clinical studies (Doherty 
et al., 1998). 



7. Perspectives 

The basic methodology of safety evaluation has 
changed little during the past decades. Toxicity in 
laboratory animals has been evaluated primarily 
by using hematological, clinical chemistry and 
histological parameters as indicators of organ 
damage. The rapid progress in genomics and pro- 
teomics technologies creates a unique opportunity 
to dramatically improve the predictive power of 
safety assessment and to accelerate the drug devel- 
opment process. Application of gene and protein 
expression profiling promises to improve lead se- 
lection, resulting in the development of drug can- 
didates with higher efficacy and lower toxicity. 
The identification of biologically relevant surro- 
gate markers correlated with treatment efficacy 
and safety bears a great potential to optimize the 
monitoring of pre-clinical and clinical trails. 
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DNA array technology makes it possible to rapidly genotype individuals or quantify the expression 
of thousands of genes on a single filter or glass slide, and holds enormous potential in toxicologic 
applications. This potential led to a VS. Environmental Protection Agency-sponsored workshop 
tided "Application of Microanays to Toxicology" on 7-8 January 1999 in Research Triangle Park, 
North Carolina. In addition to providing state-of-the-art information on the application of DNA or 
gene microanays. the workshop catalyzed the formation of several collaborations, committees, and 
user's groups throughout the Research Triangle Park area and beyond. Potential application of 
microanays to toxicologic research and risk assessment include genome-wide expression analyses to 
identify gene-expression networks and toxicant-specific signatures that can be used to define mode 
of action, for exposure assessment, and for environmental monitoring. Arrays may also prove useful 
for monitoring genetic variability and its relationship to toxicant susceptibility in human popula- 
tions. Key words: DNA arrays, gene arrays, microarrays, toxicology. Environ Health Perspeet 
107:681-685 (1999). [Online 6 July 1999] 
http://ehpnetlMuhs.nih.gov/iba/1999/W7p681'685roeke 



Decoding the genetic blueprint is a dream that 
offers manifold returns in terms or understand- 
ing how organisms develop and function in an 
often hostile environment. With the rapid 
advances in molecular biology over the last 30 
vears, the dream has come a step closer to reali- 
ry. Molecular biologists now have the ability to 
elucidate the composition of any genome. 
Indeed, almost 20 genomes have already been 
sequenced and more than 60 are currently 
under way. Foremost among these is the 
Human Genome Mapping Project. However, 
the genomes of a number of commonly used 
laboratory species are also under intensive 
investigation, including yeast. Arabidopsiu 
maize, rice, zebra fish, mouse, rat. and dog. It 
is widely expected that the completion of such 
programs will facilitate the development of 
manv powerful new techniques and approach- 
es to diagnosing ana treating grncucailv and 
environmentally induced diseases which axnict 
mankind. However, the vast amount of data 
being generated by genome mapping will 
require new high-throughput technologies to 
investigate the function of the millions of new 
genes that are being reported. Among the most 
widely heralded of the new functional 
genomics technologies are DNA arrays, which 
represent perhaps the most anticipated new 
molecular biology technique since polymerase 
chain reaction (PCR). 

Arrays enable the study of literally thou- 
sands of genes in a single experiment. The 
potential importance of arrays is enormous and 
has been highlighted by the recent publication 
of an entire Narurr Genetia supplement dedi- 
cated to the technology (7). Despite this huge 
surge of interest. DNA arrays are still licde used 
and largely unproven. as demonstrated by the 
high rado of review and press articles to actual 
data papers. Even so. the potential they offer 



has driven venture capitalists into a frenzy of 
investment and many new companies are 
springing up to claim a share of this rapidly 
developing market. 

The U.S. Environmental Protection 
Agency (EPA) is interested in applying DNA 
array technology to ongoing toxicologic stud- 
ies. To learn more about the current state of 
the technology, the Reproductive Toxicology 
Division (RTD) of the National Health and 
Environmental Effects Research Laboratory 
(NHEERL: Research Triangle Park. NC) 
hosted a workshop on "Application of 
Microarrays to Toxicology" on 7-8 January 
1999 in Research Triangle Park. North 
Carolina. The workshop was organized by 
David Dix. Robert Kavlock. and John Rockett 
of the RTD/NHEERL Twcnry-rwo intra- 
mural and extramural scientists from govern- 
ment, acaaemia. and industry snarea lnrorma- 
tion. data, and opinions on the current and 
future applications tor this exciting new tech- 
nology. The workshop had more than 150 
attendees, including researchers, students, and 
.administrators from the EPA, the- National 
Institute of Environmental Health Sciences 
(NIEHS), and a number of other establish- 
ments from Research Triangle Park and 
beyond. Presentations ranged from the tech- 
nology behind array production through the 
sharing of actual experimental data and projec- 
tions on the future importance and applica- 
tions of arrays. The information contained in 
the workshop presentations should provide aid 
and insight into arrays in general and their 
application to toxicology in particular. 

Array Elements 

In the context of molecular biology, the word 
"array" is normally used to refer to a series of 
DNA r protein elements firmly attached in 



a regular pattern to some kind of supportive 
medium. DNA array is often used inter- 
changeably with gene array or microarray. 
Although nor formally defined, microarrav is 
generally used to describe the higher density 
arrays typically printed on glass chips. The 
DNA elements thai make up DNA arrays 
can be oligonucleotides, partial gene 
sequences, or rull-iength cDNAs. Companies 
offering pre-made arrays that contain less 
than rull-length clones normally use regions 
of the genes which are specific to that gene to 
prevent false positives arising through cross- 
hybridization. Sequence verification of 
cDNA clone identity is necessary because of 
errors in identifying specific clones from 
cDNA libraries and databases. Premade 
DNA arrays printed on membranes are cur- 
rently or imminently available for human, 
mouse, and rat. In most cases they contain 
DNA sequences representing several thou- 
sand different sequence clusters or genes as 
delineated through the National Center for 
Biotechnology Information UniGene Pr ject 
(2). Many of these different UniGene dusters 
(putative genes) are represented only by 
expressed sequence tags (ESTs). 

Array Printing 

Arrays are typically printed on one of two 
types of support matrix. Nylon membranes 
arc used by most off-the-shelf array providers 
such as Clontech Laboratories, Inc. 
(Palo Alto, CA). Genome Systems, Inc. (St. 
Louis. MO), and Research Genetics, Inc. 
(Huntsville. AL). Microarravs such as those 
produced by Arrymernx. Inc. i Santa Clara. 
CA). Incytc Pharmaceuucais. Inc. (Palo Alto. 
CA). and many do-it-yourself (DIY) arraying 
groups use glass wafers or slides. Although 
standard microscope slides may be used, they 
must be preprepared to facilitate sticking 
of the DNA to the glass. Several different 
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coatings have been successfully used, includ- 
ing silane and lysine. The coating of slides 
. can easily be carried out in the laboratory, 
but many prefer the convenience of precoated 
slides available from suppliers. 

Once the support matrix has been pre- 
pared, the DNA elements can be applied by 
several methods. Afrymetrix. Inc.. has devel- 
oped a unique photolithographic technology 
for attaching oligonucleotides to glass wafers. 
More commonly, DNA is applied by either 
noncontact or contact printing. Noncontact 
printers can use thcrmai. solenoid, or piezoelec- 
tric technology to spray aliquots of solution 
onto the support matrix and may be used to 
produce slide or membrane-based arrays. 
Cartesian Technologies, Inc. (Irvine, CA) has 
developed nQUAD technology for use in its 
PixSys printers. The system couples a syringe 
pump with the microsolenoid valve, a combi- 
nation that provides rapid quantitative dispens- 
ing of nanoliter volumes (down to 4.2 nL) over 
a variable volume range. A different approach 
ro noncontact printing uses a solid pin and ring 
combination (Genetic iMicroSystems, Inc., 
Woburn, MA). This system (Figure 1 ) allows a 
broader range of sample, including cell suspen- 
sions and particulates, because the printing 
head cannot be blocked up in the same way as 
a spray nozzle. Fluid transfer is controlled in 
this system primarily by the pin dimensions 
and the force of deposition, although the 
nature of the support matrix and the sample 
will also affect transfer to some degree. 

In contact printing, the pin head is dipped 
in the sample and then touched to the support 
matrix to deposit a small aliquot. Split pins 
were one of the first contact-printing devices 
to be reported and are the suggested format 
for DIY arrayers, as described by Brown (J). 
Split pins are small metal pins with a precise 
groove cut vertically in the middle of the pin 
zip. In this system. 1-48 split pins are posi- 
tioned in the pin-head. The split pins work bv 
simpie capillary action, not unlike a fountain 
pen — when the pin heads are dipped in the 
sample, liquid is drawn into die pin groove. A 
small (fixed) volume is then deposited each 
time the split pins are gently touched to 
the support matrix. Sample (100-500 pL 
depending on a variety of parameters) can be 
deposited on multiple slides before refilling is 
required, and array densities of > 2,500 
spots/cm 2 may be produced. The deposit vol- 
ume depends on the split size, sample fluidi- 
ty, and the speed of printing. Split pins are 
relatively simple to produce and can be made 
in-house if a suitable machine shop is avail- 
able. Alternatively, they can be obtained 
dirccdy from companies such as TeleChem 
International, Inc. (Sunnyvale, CA). 

Irrespective of their source, printers 
should be run through a preprint sequence 
prior to producing the actual experimental 



arrays; the first 100 or so spots of a new run 
tend to be somewhat variable. Factors effect- 
ing spot reproducibility include slide treat- 
ment homogeneity, sampie differences, and 
instrument errors. Other factors that come 
into play include clean ejection of the drop 
and clogging (nQUAD printing) and 
mechanical variations and long-term alter- 
ation in print-head surface of solid and split 
pins. However, with careful preparation it is 
possible to get a coefficient of variance for 
spot reproducibility below \Q%. 

One potential printing problem is sample 
carryover. Repeated washing, blotting, and 
drying (vacuum) of print pins between samples 
is normally effective at reducing sample carry- 
over to negligible amounts. Printing should 
also be carried out in a controlled environ- 
ment. Humidified chambers are available in 
which to place printers. These help prevent 
dust contamination and produce a uniform 
drying rate, which is important in determining 
spot size, quality, and reproducibility. 

In summary, although several printing 
technologies are available, none are par- 
ticularly outstanding and the bottom line 
is that they are still in a relatively early stage 
of evolution. 

Array Hybridization 

The hybridization protocol is, practically 
speaking, relatively straightforward and those 
with previous experience in blotting should 
have little difficulty. Array hybridizations 
are, in essence, reverse Southern/Northern 
blots — instead of applying a labeled probe to 
the target population of DNA/RNA. the 
labeled population is applied to the probe(s). 
With membrane-based arrays, the control and 
treated mRNA populations arc normallv con- 
vened to cDNA and labeled with isotope (e.g., 
33 P) in the process. These labeled populations 
are tnen nyonoizcci uidepcndenuv to parailei 
or scnai arrays and the hybri dizat ion sicnal is 
d erected with a phosporimagcr. A less com- 
monly used alternative to radioactive probes is 
enzymatic detection. The probe may be 
biotinylated, haptenylated^_or have alkaline 
phosphatase/horseradish peroxidase attached. 
Hybridization is detected by enzymauc reac- 
tion yielding a color reaction (4). Differences 
in hybridization signals can be detected by eve 
or, more accurately, with the help of digital 
imaging and commercially available software. 
The labeling of the test populations for slide- 
based microarrays uses a slightly different 
approach. The probe typically consists of two 
samples of polyA* RNA (usually from a treated 
and a control population) that arc converted to 
cDNA; in the process each is labeled with a 
different fluor. The independently labeled 
probes are then muted together and hybridized 
to a single microarray slide and the resulting 
combined fluorescent signal is scanned. After 
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Figure 1. Genetic Microsystems (Woburn. MA) pin 
ring system for priming arrays. The pin ring com- 
bination consists of a circular open ring oriented 
parallel to the sample solution, with a vertical pin 
centered over the ring. When the ring is dipped 
into a solution and lifted, it withdraws an aliquot 
of sample held by surface tension. To spot the 
sample, the pin is driven down through the ring 
and a portion of the solution is transferred to the 
bonom of the pm. The pin continues to move 
downward until the pendant drop of solution 
makes contact with the underlying surface. The 
pin is then lifted, and gravity and surface tension 
cause deposition of the spot onto the array. 
Figure from Flowers et al. ( 14), with permission 
from Genetic Microsystems. 

normalization, it is possible to determine the 
ratio of fluorescent signals from a single 
hybridization of a slide-based microarray. 

cDNA derived from control and treated 
populations of RNA is most commonly 
hybridized to arrays, although subtractive 
hybridization or differential display reactions 
mav also be used. Fluorophore- or radiola- 
beled nucieouaes are directly incorporated 
into the cDNA in the process of converting 
RNA to cDNA. Alternatively, 3' end-labeled 
primers may be used for cDNA synthesis. 
These are labeled with a fluorophore f r 
direct visualization of the hybridized array. 
Alternatively, biotin or a hapten may be 
attached to the primer, in which case flu r- 
labeled streptavidin or antibody must be 
applied before a signal can be generated. The 
most commonly used fluorophores at present 
are cyanine (Cy)3 and Cy5 (Amersham 
Pharmacia Biotech AB\ Uppsala, Sweden). 
However, the relative expense of these fluo- 
rescent conjugates has driven a search for 
cheaper alternatives. Fluorescein, rhodamine, 
and Texas red have all been used, and 
companies such as Molecular Probes, Inc. 
(Eugene, OR) are developing a series of 
labeled nucleotides with a wide range of exci- 
tation and emission spectra which may prove 
to function as well as the Cy dyes. 
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Table 1. Advantages and disadvantages of different microarray scanning systems. 





CCD camera system 


Nonconfocal laser scanner 


Confccal iase' scanne- 


Aovantages 
Disadvantages 


Few moving pans 

Fast scanning of bright 
samoies 

Less appropriate for aim 
samples 

Optical scatter can limit 
performance 


neiativeiv simpie cpf.cs 

Low iight collection efficiency 
Bacxgrounc artifacts not reiecte: 
Resolution rvoicallv low 


Sma.; Zcz^ c; rscus 'ez^zes 
anifaczs 

Mav nave higr: hz*.: cciiectiC" 
efficient 

Smail oeotn of fccus recuses 
scanning precision 



Analysis f DNA Micr arrays 

Membrane-based arrays axe normally analyzed 
on film or with a phosphonmager, whereas 
chip- based arrays require more specialized scan- 
ning devices. These can be divided into three 
main groups: the charge-coupled device camera 
systems, the noncorirocal laser scanners, and the 
con/ocal laser scanners. The advantages and dis- 
advantages of each system are listed in Table 1 . 

Because a typical spot on a microarray can 
contain > 10 8 molecules, it is dear that a large 
variation in signal strength may occur. 
Current scanners cannot work across this 
many orders of magnitude (4 or 5 is more typ- 
ical). However, the scanning parameters can 
normallv be adjusted to collect more or less 
signal, such that two or three scans of the same 
array should permit the detection of rare and 
abundant genes. 

When a microarray is scanned, the fluores- 
cent images are captured by sorrware normally 
included with the scanner. Several commercial 
suppliers provide additional sorrware for quan- 
tifying array images, but the software tools are 
constantly evolving to meet the developing 
needs of researchers, and it is prudent to 
define one's own needs and clarify- the exact 
capabilities of the software before its purchase. 
Issues that should be considered include the 
following: 

• Can the software locate offset spots? 

• Can it quantitate across irregular hybridiza- 
tion signals? 

• Can the arrayed genes be programmed in for 
easy- identification and location? 

• Can the software connect via the Internet to 
databases containing further information on 
the gene(s) of interest? 

One of the key issues raised at the work- 
shop was the sensitivity of microarray technol- 
ogy. Experiments by General Scanning. Inc. 
^"arertown. MA), have shown thai by using 
the Cv dyes and their scanner, signal can be 
detected down to levels of < 1 fluor molecule 
per square micrometer, which translates to 
detecting a rare message at approximately one 
copy per cell or less. 

Array Applications 

Although arrays are an emerging technology 
certain to undergo improvement and 
alteration, they have already been applied use- 
fully to a number of model systems. Arrays are 
at their most powerful when they contain the 
entire genome f the species they are being 
used to study. For this reason, they have strong 
support among researchers utilizing yeast and 
Catnorhabditis clegans (5). The genomes of 
both of these species have been sequenced and, 
in the case of yeast, deposited onto arrays for 
examination of gene expression (6,7). With 
both of these species, it is relatively easy to 
perturb individual gene expression. Indeed, C 



CCD. cnarge-coupieo device. 
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clegans knockouts can be made simply by 
soaking the worms in an antisense solution of 
the gene to be knocked out. 

By a process of systematic gene disrup- 
tion, it is now possible to examine the cause 
and effect relationships between different 
genes in these simple organisms. This kind of 
approach should help elucidate biochemical 
pathways and genetic control processes, 
deconvolute polygenic interactions, and 
define the architecture of the cellular network. 
A simple case study of how this can be 
achieved was presented by Butow [University 
of Texas Southwestern Medical Center, 
Dallas, TX (Figure 2)]. Although it is the 
phenotypic result of a single gene knockout 
that is being examined, the effect of such 
perturbation will almost always be polygenic. 
Polygenic interactions will become increasing- 
ly important as researchers begin to move 
away from single gene systems when examin- 
ing the nature of toxicologic responses to 
external stimuli. This is especially important 
in toxicology because the phenotype pro- 
duced by a given environmental insult is 
never the result of the action of a single gene; 
rather, it is a complex interaction or one or 
multiple cellular pathways. Phenomena such 
as quantitative trait (the continuous variation 
of phenotype J. episxasis (the effect of aiieies of 
one or more genes on the expression of otnex 
genes), and penetrance ^proportion of indi- 
viduals of a given genotype that display a par- 
ticular phenotype) will become increasingly 
evident and important as toxicologists push 
toward the ultimate goal of matching the 
responses of individuals to different 
environmental stimuli. 

Analysis of the transcriptome (the expres- 
sion level of all the genes in a given cell popula- 
tion) was a use of arrays addressed by several 
speakers. Unfortunately, current gene nomen- 
clature is often confusing in that single genes 
are allocated multiple names (usually as a result 
of independent discovery by different laborato- 
ries), and there was a call for standardization of 
gene nomenclature. Nevertheless, once a tran- 
scriptome has been assembled it can then be 
transferred onto arrays and used to screen any 
chosen system. The EPA MicroArray 
Consortium (EPAMAC) is assembling testes 



transcriptomes for human, rat. and mouse. In a 
slightly different approach. Nuwaystr ct ai. [8\ 
describes how the NIEHS assembled what is 
effectively a "toxicoiogical transcriptome*' — a 
library of human and mouse genes that have 
previously been proven or implicated in 
responses to toxicologic insults. Clontech 
Laboratories. Inc. (Palo .Alto. CA), has begun a 
similar process by developing stress/ toxicology 
fiiter arrays of rat. mouse, and human genes. 
Thus, rather than being tissue or cell specific, 
these stress/ toxicology arrays can be used across 
a variety of model systems to look for alter- 
ations in the expression of toxicologically 
important genes and define the new field of 
toxicogenomics. The potential to identify toxi- 
cant families based on tissue- or cell-specific 
gene expression could revolutionize drug test- 
ing. These molecular signatures or fingerprints 
could not only point to the possible 
toxicity/carcinogenicity of newly discovered 
compounds (Figure 5), but also aid in elucidat- 
ing their mechanism of action through identifi- 
cation of gene expression networks. By exten- 
sion, such signatures could provide easily iden- 
tifiable biomarkers to assess the degree, time, 
and nature of exposure. 

DNA arravs are primarily a tool for exam- 
ining differential gene expression in a given 
model. In this context thev are icicn c u to as 
closed systems because they lack the ability of 
other differentia] expression technologies, e.g., 
differential display and subtractive hybridiza- 
tion, to detect previously unknown genes not 
present on the array. This would appear to 
limit the power of DNA arrays to the imagina- 
tions and preconceptions of the researcher in 
selecting genes previously characterized and 
thought to be involved in the model system. 
However, the various genome sequencing pro- 
jects have created a new category of 
sequence — the EST — that has partially molli- 
fied this deficiency. ESTs are cDNAs expressed 
in a given tissue that, although they may share 
some degree of sequence similarity to previous- 
ly characterized genes, have not been assigned 
specific genetic identity. By incorporating EST 
clones into an array, it is possible to monitor 
the expression of these unknown genes. This 
can enable the identification of previ usly 
uncharacterized genes that may have biologic 
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significance in the model system. Filter arrays 
rrom Research Genetics and slide arravs rrom 
. lncyte Pharmaceuticals both incorporate large 
numbers of ESTs rrom a variety of species. 

A runner use of miooarrays is the identifi- 
cation of sinelc nucleotide polymorphisms 
(SNPsi. These genomic variations are abun- 
dant — they occur approximately every I kb or 
sr>— and are the basis of restriction fragment 
length polymorphism analysis used in forensic 
analysis. Asymetrix. Inc. designed chips that 
contain multiple repeats of the same gene 
sequence. Each position is present with all four 
possible bases. After the hybridization of the 
sample, the degree of hybridization to the dif- 
ferent sequences can be measured and the exact 
sequence of the target gene deduced. SNTs are 
thought to be of vital importance in drue 
metabolism and toxicology. For example, sin- 
gle base differences in the regulatory region or 
active site of some genes can account for huge 
differences in the activity of that gene. Such 
SNTs are thought to explain why some people 
are able to metabolize certain xenobiotics bet- 
ter than others. Thus, arrays provide a further 
tool for the toxicologist investigatine the 
nature of susceptible subpopulations and toxi- 
cologic response. 

There are still many wrinides to be ironed 
out before arrays become a standard tool for 
roxicoiogists. The main issues raised at the 
workshop by those with hands-on experience 
were the following: 

• Expense: the cost of purchasing/contracting 
this technology is still too great for manv 
individual laboratories. 

3 
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Figure 2. Potential effects of gene knockout within 
positively and negatively regulated gene expression 
networks. i } is limiting in wild type for expression of 
i 2 . iA) A simple, two-component, linear regulatory 
network operating on gene ^ where t\ is a positive 
effector of ^ and j n is either a positive or negative 
effector of i t . This network could be deduced by 
examining the consequence of (5) deleting j n on the 
expression of i } and where the expression of L 
would be decreased or increased depending on 
whether j n was a positive or negative regulator. 
These and other connected components of even 
greater complexity could be revealed by genome- 
wide expression ana rysis. From Butow W5). 
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• Clones: the logistics of identirying. obtaining, 
and maintaining a set of nonredundant. non- 
contaminated, sequence-verified, species/ cell.' 
ussue/rlcld-spccinc clones. 

• Use of inbred strains: where w-hole-oreanism 
models are being used, the use of inbred 
strains is important to reduce the potentially 
confusing effects of the individual variation 
typically seen in outbred populations. 

• Probe: the need for relatively large amounts 
of RNA. which limits the type of sample 
<e.g.. biopsy) that can be used. Also, different 
RNA extraction methods can give different 
results. 

• Specificity: the abiliry to discriminate accu- 
rately between closely related genes (e.g.. the 
cytochrome f>o0 family) and splice variants. 

• Quantitation: the quantitation of gene 
expression using gene arrays is still open to 
debate. One reason for this is the different 
incorporation of the labeling dyes. However, 
the main difficulty lies in knowing what to 
normalize against. One option is to include a 
large number of so-called housekeeping »enes 
in the array. However, the expression of these 
genes often change depending on the tissue 
and the toxicant, so it is necessary to charac- 
terize the expression of these genes in the 
model system before utilizing them. This is 
clearly nor a viable option when screening 
multiple new compounds. A second option 
is to include on the array genes from a nonre- 
lated species (e.g.. a plant gene on an animal 
array) and to spike the probe with synthetic 
RNA{s) complementary to the gene(s). 

• Reproducibility: this is sometimes question- 
able, and a figure of approximately two or 
three repeats was used as the minimum num- 
ber required to confirm initial findings. 



.Again, however, most people ajvocauj :r.t- 
use or Northern biots or r^x:sc trance- rta*- 
PCR to connrm nnaincs. 

• Sensitivity: concerns were voiced about the 
"number of target molecules that must be pre- 
sent in a sample for them to be detected on 
the array. 

• Efficiency: reproducible identification of 1.5- 
to 2-rold differences in expression was report- 
ed, although the number of genes that 
undergo this level of change and remain 
undetected is open to debate. It is important 
that this level of detection be ultimately 
achieved because it is commonly perceived 
that some important transcription factors 
and their regulators respond at such low lev- 
eis. In most cases. 5- to Wold was the mini- 
mum change that most were happv to 
accept. 

• Biomformatics: perhaps the greatest concern 
was how to accurately interpret the data with 
the greatest accuracy and efficiency. The 
biggest headache is trying to identity net- 
works of gene expression that are common to 
different treatments or doses. The amount of 
data from a single experiment is huge. It may 
be that, in the future, several groups individ- 
ually equipped wirh specialized software aigo- 
nrhms for studying their favorite genes or 
gene systems will be able to share the same 
hybridized chips. Thus, arrays could usher in 
a new perspective on collaboration and the 
sharing of data. 

EPAMAC 

Perhaps the main reason most scientists arc 
unable to use array technology is the high cost 
involved, whether buying off-the-shelf mem- 
branes, using contract printing services, or 
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producing chips in-house. In view of this, 
researcher's at me RTD/NHEERL initiated 
the EPAMAC. This consortium brings 
together scientists rlrom the EPA and a num- 
ber of extramural labs with the aim of devel- 
oping microanay capability through rhe shar- 
ing of resources and data. EPAMAC 
researchers arc primarily interested in the 
developmental and toxicologic changes seen 
in testicular and breast tissue, and a portion 
of the workshop was set aside for EPAMAC 
members to share their ideas on how the 
experimental application of microarrays could 
facilitate their research. One of the central 
areas of interest to EPAMAC members is the 
effect of xenobiotics on male ferriliry and 
reproductive health. Of greatest concern is 
the effect of exposure during critical periods 
of development and germ cell differentiation 
(57), and how this may compromise sperm 
counts and quality following sexual matura- 
tion (70). As well as spermatogenic tissue, 
there is also interest in how residual mRNA 
found in mature sperm (77) could be used as 
an indicator of previous xenobiotic effects (it 
is easier to obtain a semen sample than a tes- 
ticular biopsv). Arravs will be used to examine 
and compare the effect of exposure to heat 
and chemicals in testicular and cpididymal 
gene expression profiles, with the aim of 
establishing relationships/associations 
between changes in developmental landmarks 
and the effects on sperm count and quality. 
Cluster, pattern, and other analysis of such 
data should help identify hidden relationships 
between genes that may reveal potential 
mechanisms of action and uncover roles for 
genes with unknown functions. 

Summary 

The full impact of DNA arrays may not be 
^ecn for several vears. but the interest shown at 
this reponai workshop indicates the high level 
of interest thai they tipster. Apart from educat- 
ing and advertising the various technologies in 
this field, this workshop brought together a 
number of researchers from the Research 
Triangle Park area who are already using DNA 
arrays. The interest in sharing ideas and experi- 
ences led to the initiation of a Triangle array 
user's group. 
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Array technology is still in its infancy. This 
means that the hardware is still improving and 
there is no current consensus for standard pro- 
cedures, quantitation, and interpretation. 
Consistency in spotting and scanning arrays is - 
not yet optimized, and this is one of the most 
critical requirements of any experiment. In — 
addition, one of the dark regions of array tech- 
nology — strife in the courts over who owns 
what portions of it — has runner muddled the 
future and is a potential barrier toward the 
development of consensus procedures. 

Perhaps the greatest hurdle for the applica- 
tion of arrays is the actual interpretation of 
data. No specialists in bioinformatics attended 
the workshop, largely because they are rare and 
because as yet no one seems dear on the best 
method of approaching data analysis and inter- 
pretation. Cross-referencing results from mul- 
tiple experiments (time, dose, repeats, different 
animals, different species) to identify common- 
ly expressed genes is a great challenge. In most 
cases, we are still a long way from understand- 
ing how the expression of gene A' is related to 
the expression of gene Y, and ordering gene 
expression to delineate causal relationships. 

To the ordinary scientist in the typical lab- 
oratory, however, the most immediate prob- 
lem is a lack of affordable instrumentation. 
One can purchase premade membranes at 
relatively affordable prices. Although these 
may be useful in identifying individual genes 
to pursue in more detail using other methods, 
the numbers that would be required for even a 
small routine toxicology experiment prohibit 
this as a truly viable approach. For the toxicol- 
ogist. there is a need to earn- out multiple 
experiments — dose responses, time curves, 
multiple animals, and repeats. Class-based 
DNA arrays are most attractive in this context 
because they can be prepared in large batches 
from the same DNA source and accommo- 
date control and treated samples on the same 
chip. Another probiem with current oif-the- 
shelf arrays is that they often do not contain 
one or more of the particular genes a group is 
interested in. One alternative is to obtain 
and/or produce a set of custom clones and 
have contract printing of membranes or slides 
carried out by a company such as Cenomic 
Solutions, Inc. (Ann Arbor, MI). This approach 
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is less expensive than Living: ou: 
one's own entire sv«em. lithouch a: >orr.r 
point it might make economic «rnse to pr:r.: 
one s own arrays. 

Finally. DNA arrays are currently a team 
ettort. They are a rechnoiogy that uses a wide 
-range of skills including engineering, statisucs. 
molecular biology, chemistry, and bioinror- 
matics. Because most individuals are skilled in 
only one or perhaps rwo of these areas, it 
appears that success with arravs may be best 
expected by teams of collaborators consisting 
of individuals having each of these skills. 

Those considering array applications mav 
be amused or goaded on by the following 
quote from Fortune magazine 1 12): 

Microprocessors have reshaped our economy, 
spawned vast fortunes and changed the wav we live. 
. Gene chips could be even bigger. 

Although this comment may have been 
designed to excite the imagination rather than 
accurately reflect the rruth. it is fair to say that 
the age of functional genomics is upon us. 
DNA arrays look set to be an important tool in 
this new age of biotechnology and will likely 
contribute answers to some of toxicology's 
most fundamental questions. 
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Date: Mon. 3 Jul 2000 08:09:45 -0400 
From: " Afshari-Cx-nthia- <afshari <§'niehs.nih.£ov> 
To: "Diana Hamlet-Cox*" <dianahc@inc\Te.com> 

V. u car. see the list of clones that we hav or. our 12-* ~-p a- 
httc: sanuel . r.iehs . mh . :r.- taps cues: clgr.esrcr 

We sel cted a subset of genes (2000K) tnat we believed — 

response and basic cellular processes and added e set c^'c-es I^"--- 

I:;-*-"? incl " dcd • of control genes (80-, that Cere sle--^ ~ 

tn Ivn«?.. oecause they die not change across a larae se- c* a~av 
experiments. However, we have found rhat some of these ~oenes~c*".— e 
signficant.y after tox treatments and are in the process cro^a ~ e 
variation or eacn or tnese 80* genes across our expe-<me— s r 
Our chips are constantly changing and being updated and we hope c — 
oata wil. .eao us to what the toxchip should reallv be 
1 hope this answers your question. 
Cindy Afshari 



> rrom; Diana Hamiet-Cox 

> Sent; Monday, June 26. 2000 8:52 PM 

> To: afshariQniehs.nih.gov 

> Subject: [Fwd: Toxicology Chip] 
> 

> Dear Dr. Afshari. 
> 



> Since I have not yez had a response from Bill Grigg. pe-hans h» was 

> the righz person zo conzacz WS Pe.naps he was no. 



> 



> Can you help me in this matter? 1 don't need to know the sequences 

> necessarily, but Z would like very much to know what types o^eSe-ces 

> are being used. e.g.. GPCRs (more specific?), ion chaiwls etc 

> Diana Hamlet-Cox 
> 

> Original Message 

> Subject: Toxicology Chip 

> Date: Mon. 19 Jun 2000 18:31:48 -0700 

> From: Diana Hamlet-Cox <dianahc9incvte. com> 

> Organization: Incyte Pharmaceuticals 

> To: grigg6niehs.nih.gov 
> 

> Dear Colleague: 
> 

> Z am doing lizerazure research on zhe use of expressed oenes as 

1 ^^ n C n 0 n t0Xie0 i 0gy **» *°und '™ Press Release' dazed Februa-y 

> 29 2000 regarding zhe work of zhe NZSHS in zhis area : would Uke zo 

> know i- zhere is a resource I can access tor you could provide* )- ha- 

> wou.d give me a lisz of zhe 12.000 genes zhaz are on your Humln -rlTcrip 

> Microarray. xn parzicular. I am inzereszed in zhe crizenaTsedll 

> £i?!!L; WB f" f ° r CAe ToxChi P' including any conzrol sequences 

> includeo in the microarray. 

> 

> Thank you for your assistance in this request. 

> Diana Hamlet-Cox. Ph.D. 

> Incyte Genomics. Inc. 
> 

> — 
> 



07/31/3000 10:34 AM 



r * — B emeil mesMsge zs for zhe s ie use of zhe ir.zer.ded e ~ m 

- > may conrais rsr.£idezziel end privileged izfoxzMzior. su^ee 1 *"--*"" 

> mzzomey-clier.z privilege. Any vzazzhcrized review, us ' discos—* *~ 

> diszribzzioz is protibized. If you are sor ihe z.-resaei re----e^ ^ 

> please casrsrr lie sender i*- repjy eai: *:c desrrov &i: ccr : es J*' 

> cr.yiaai aessaye. * • 



> 
> 
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JJJSTOACT P. lr w.„ sequent, companion method, have 

reliably from tbe.r structure, .nd functions, a, describtHn 
the scop database f Murxin. A. G, Brenner. S. F-. Hubb.rt T 
& Chothi. C (1995)/. Mol. Biol. 247. S36-540J. SmS! 
tion tested tbe programs BUST (AJucbul S F fii.h u- 

SftS,!^ * w - * Lipm "°- D - J «^ 2?*r 

215, 403-410J. WU-BUST3 (AlUcbul. S. F. & Gish W noifi 
2*6. 460-480], facta P«„on. W ^ 4 
Upman.D.J. (1988)P„e. Nad.Acod.Sci. USA 8S 2^44-2448? 

» WSBSifr * w ' te^m " ,, ' M s - «"»^2 

fr.il . 1 It ? " d ,be,f ,C0MB * ,enen,el - T"' error rate 
of oil algorithm, is greatly reduced by using statistical score! 

ZZZ E ' V8 '? e ,,,,l5Uc ' , Scom of SSE *«CH and facta are 

hv L ~ V COrM rtp ° r,ed - Hw " ver ' ,h « P - V «'»« "Ported 
by BUST and WVBUST2 exaggerate significance bv orders of 
magnitude, sseabch. facta leap * 1, Md W . BUSTJ ™ e ™ 
best and they are capable of detecting almost a I. relationship" 
between proteins whose sequence identities are >30%. For 
2!?L ir W rela,ed " ro,ei "' do much less well; „ Blv 
C2f. f ? alioD,hi '» protein, with 20-5o* 

stT^ BeC " 05e Ba,,y boB,0,0 * s 'ow sequence 

similarity, most distant relationships cannot be detected bv 
any pairwise comparison method; however, those which .Z 
identified may be u sed with confidence. 

Sequence database searching plays a role in vinuallv everv 
branch of molecular biology and is crucial for interpreting X 

mKT T ° nh fr ° m « en0me P~ioc«. Given 8 he 
method s central role, it is surprising that overall and relative 

difficult to verify algorithms on sample data because h s 
requires large data sets of proteins whose evolutionary rel" 
H '^ r k ^, un ™bi?uously and independently of the 
mo to I u g CV !' Ua, ' d H0WCVer - neariv »" ""own ho 
SeTest'edl It I ^ UenCt l*» ™thod 

17' f *' Ab0, 'J* generaH) ' V " y diffi «" «° know, in the 
absence of structural data, whether two proteins that lack clear 

SET S ' m,,ari,y f fe Unre,a,ed ^ has n>ean, £??, 
though previous evaluation, have helped irnprove ™ 

comparison they have suffered from insufficient, imperfectly 
characerueo. or artificial tes, data. Assessment also hL Sen 
problematic because high quality database sequence search.n* 
attempt, .0 have both sensitivity (detection of homoloLTand 
peoficity (rejection of unrelated proteins); howeve? «„« 
complementary goals are linked such that increasing one 
causes the other to be reduced. 8 
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The publ.cai.oii com of ihis amcle were defrayed .n pan bv MK cha r.» 
payment. Th u ankle ™, * mion be hereby mvkcFaZSLZ Z 
accoro^ee w„ h 18 VS.C. 81734 „ le N lo ln d lcale tha ^ rmm "" •» 



Sequence comparison methodologies have evolved nniHlw 
so no prevously published tests has e^.uated modem v« oSs" 
of programs commonN used. For examole „,r,™, f 
bi^t ,1) have changed, and wSjS^LS^^ 

Fo^amnHhr 0 ? a H baVe left ^P* " « knowledge 
thrLh^ P - hMe has been 1,0 Published assessment of 
thresholds for scoring schemes more sophistical than L? 
centage identity. Thus, the widely discussed I S 
measures have never aaually been^Sed " n iSt Toa™ 8 

"-^sete^ 

?n this wo t '^v^ a?, m ° defn da,8baSe Karchi "8 
ov^me W So7,hTf^ 

moiop. which are known independent^ of se£ ince comp5" 
ures b 0 °h d ' WC ^ a " aSSeSSment meth od thatjom^ m« 

unicrcni sequence comparison methods. The most 
passing analyse, have been by Pearson (6. ™ who coTparea 
^e three most commonly used proerams. Of he," the s™ 
Vvaterman algorithm (8) 1 mplemenie™in ssearct t 
^''""r the most rigorous. Modem heu s tics 
J .hem^ d 0) ' he SP " d and c °nvenien« TmTt 

FASrT 3^0 a K Pr ° fram ,mcrmed ' a «^ between these v 
FASTA (3 >- which may be run in two modes offermp eiih,, 

pro^° C ° nSldered diffCrem Paramele " f - «<h Of these 
To tesi the method,. Pearson selected two representative 
m daia r ^P 0 ' V Pr0,em ^ rf -i.,e, deKv™ 
Zibl e and 1 u*V " " ° UerV 10 s » rc " the 

hnl 3 ^ T 13 ' 0 " 60 Dro,eins marked as bemi 

homologous or unrelated according to their membership of ™ 

Abbrevianon: EPO. enors per query ■ 

Preseni address: Department of Si'ruciural Bmloav Sianford li» 

nT^L J"'^ Bu " d,ng D -' 09 - s, " ,ord - » b ;.5i 2 e U "'- 

^u„3. , e n d S U . ,eqUeSU ih ° U,d ta ""'^ «-* hL»» 
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superfamilies. Pearson found thai modem matrices and •'In- 
scaling" of raw scores improve results considerably. He also 
reported that the rig reus Smith-Waterman algorithm worked 
slightly better than fasta. which was in turn m re effective 
than blast. 

nm Cr L!J1 e ^^^"^ ma,rie « been performed 
(10). and Henikoff and Henikoff (H) evaluated the 
effectiveness of blast and facta Their test with blast 
considered the ability to detect homologs above a predeter- 
mined score but had no penalty for methods which also 
reported large numbers of spurious matches. The Henikoffs 
searched the swiss-prot database (12) and used PRosrrc (13) 
to define homologous families. Their results showed that the 
BLOSUM62 matrix (14) performed markedly better than the 
extrapolated PAM-ser.es matrices (15). which previously had 
been popular. 

A crucial aspect of any assessment is the data that are used 
to test the ability of the program to find homeless. But in 
Pearson s and the Henikoffs' evaluations of sequence com- 
parison, the correct results were effectively unknown. This is 
because the superfamilies in fir and PRosrTE are principally 
created by usmg ,„e same sequence comparison methods 
m^"* 8 eV f ,Uated '""rdepende^cy of data and 
™ ,bo * a "chicken and egg" problem; and meansTor 

example, that new methods would be penalized for correctly 
identifying homologs missed by older programs. For insS 
immunoglobulin variable and constant domains are clear* 
homologous, but fir places them in different superfamilie7 
The problem is widespread: each superfamilv in FIR 48.00 with 
a structural homoiog is itself homologous to an average of 16 
other fir superfamilies (16). 6 

To surmount these sons of difficulties. Sander and Schnei- 
der (17) used protein structures to evaluate sequence com- 
parison. Rather than comparing different sequence compari- 
son algorithms, their work focused on determining a leneTh- 
dependent threshold of percentage identity, above which all 
proteins would be of similar structure. A result of this analyst 
was the HSSP equation; it states tha, protems with 25% d e „S 
over 80 residues will have similar structures, whereas shone? 
alignments require higher identity. (Other studies also have 

of mo*)',™ 8 (,8 i? } - bW AtSt f0CUSCd °° a sma " 

of mode proteins and were principally oriented toward eval- 

uating alignment accuracy rather than homology detection ) 

A general solution to the problem of scoring comes from 

statistical measures (i.e.. E-values and P-values) based onYhe 

extreme value distribution (21). Extreme value scoring was 

mip emented analytically in the blast program using the 

S2, "h" $UtiStiCS (2Z 23) and em P^«' ap- 

proaches have been recently added to facta and ssearch In 

addition to being heralded as a reliable means of receding 
Mgnificantly similar proteins (24. 25). the mathematical trac* 
1?™ r .wf!^ " k a wucial fc ««e of the BLAST 

£SZ J >' ? 6 Vamty 0f ,hU ""^ Procedure has been 
esied analytically and empirically (see ref. 2 and references in 
ref. 24). However, all large empirical tests used random 
sequences that may lack the subtle structure found withih 

ShSSTS* (26 ; ?> ™u d obviomly 60 not cowai " an " 

~^ .? ^ ahhou?h many marchers have sue- 

f£ ,t ,h »« ««"t«cal scores be used to rank matches (24. 25 

rJli a V ? been no ' arge rigorous «P«riments on biolog-' 
cal data to detenntne the degree to which such rankings aro 
superior. 

A Database for Testing Homology Deieetioo. Since the 
d«overy that the structures of hemoglobin and myoglobin are 
very similar though their sequences are not (29). it has been 
apparent that comparing structures is a more powerful (if less 
convenient) way to recognize distant evolutionary relation- 

2& 2 COmparWg se, ' uenees - ,f '»o Proteins show a high 
degree of similarity m their structural details and function it 
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is very probable that they have an evolutionary relations 
though their sequence similarity may be tow 

yjz fC f M J mwth of P ro,e «» "ruaure inf rmation com- 
bined w,th the comprehensive evolutionary daaffiaJioTta 

limitations. With these data. w e can evaluate the performance 

who^re^r^ meth0dS m ™« 
u^tructu^^ ^ ^ COnfidem, >- The «OF database 
^ T*!! 00 W rcc °8 ni " "*««nt homologs. the 
TheseTuHLv Wh,ch " n * determined unambiguously. 

to wouK ^.r '"J * * ,0bins 0f ,he ™munoglobu- 
h.^ reeognoed as related bv the vast majority of the 

biological communiry despite the lack of high «quen« ?£. 

From SCOP we extraaed the sequences of domains «f 
proteins in the Protein Data Bank (PDBVf30? »nH ° f 
databases. One ,pdb*,d-b) J!£SSSXSS^» 
identica to any other, whereas (pWb) had tho*e <2S 
identical. The databases were created by fin, „niw aU 

SET ^ i"™™- Whicb 9 -W4 ordered pairstf 
distant relationships, or -0.5% of the total 1.749 006 entered 
pairs. In pdbwd-b. ,he Z079 domaim have SS.CreS 
ships, representing 1.2% of all pairs. Low comp exftv rSs 
maTke^b^ P*" 

PtI u lT databas f by Processing with the sec program 

(27) using recommended parameten: 121.82.0 The database 
used ,„ , n « p are avaiJable {rom h 

sss/. and databases derived from the current version of scop 
may be found a, http://scep.mrc-lmb.cam.ac.uk?«o P / 

PDB40D^b focu"" b0,h datab "« 8«erally coSent. but 
FDB40D-B focuses on distantly related proteins and reduces the 

tamilies (31. 32). whereas pdbmd-B (with more seouenc«l 
wT 0 ; h e l dU ST -^"-^^ Except wher?no«roS 
Ahhonoh ,7, homo, °S r««l" here are from pdb40d-b 
Although the precise numbers reponed here are specifictoThe 
strvctura. domain databases use5°we expec,T^e„ f e; ro oe'. 

Assessment Data aod Procedure. Our assessment of se- 
quence companson may be divided into four diffTre" , mafe 
caieger.es of .ests. F.rst. usmg just a s.nale sequence "emp« 
-on algonthm a, a , lm e. we evaluated the eSvene* o 
d ffcrent scenng schemes. Second, we assessed the reS.ry 
e ^ '"S P^cdures^ncluding an evaluation of the valid ? 
of statisucal scoring. Third, we compared sequence compari- 
sor ^ algorithms (using the optima, scoring scheme) ro deter- 
mine the.r relauve performance. Founh we examined we 
distnbuuen of homologs and considered the power oTpairwt 

useS th C e e d C a 0 ,r ,r,SOn r 10 rCC08nKe ,hem - A » of «"e "52 
«w « 6 $CS ° f $,ructura "y '"entified homologs and a 
new assessment criterion. 

B J^ n 3ly$eS ,es,ed BUVCT version l -»-9MP. and wu- 
blast: (2). ve fs ,on 2.0a 13MP. Also assessed was the Facta 

sseS ITm 3 . 0 : 76 (3> ' ?if h Pr ° vided FASTA and "he 
«P^ B ru ""P lernenta "°" of Smith-Waterman (8). For 

- IV-" (7 ! > f USe , d BL ° SUM45 W " h « 8 P P 6 " 8 '^ 

sum/mLJ" aV^ defaU,t P arame "R and matrix (BLO- 
ert useo for bla" and wu-blast: 

tc Jmnr C0Vtrage VS - Error " P,0L To ,esI a panicular protocol 
™ P h 5 ' n - ea k P ro ? ram and *eormg scheme), each sequence 

£Tltl T b T T 85 a 0uef y ,0 search daubale 
This y,elded ordered pairs of query and target sequences with 

SS'taT*- which Wer ^°" ed - °" *e b q as« orS 

scores, from b«. to worst. The ideal method would have 
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same fold divided by , he lo «, „ umber of S Tell'!: T" t e,ee,ed - PreeBel * « * ^S toS" ' he ' ri " ,0n of 
identification of 904 relationships. The V Zl ^ Ll^ T nSU ^ rUm, ^ roMMc omaii«aioulof9 0«h 0 ^i!f« ^ °' pro,e " B w,,h «•* 
comparison. 13 errors corresponds .o 00 Tlg&o V"*" ef Becau* there ere KnX"'.? 0 " 0 ' 10 * indie,, « 
accuracy which mav be desired The scores ,h a 7^ °' 7 ° V*™* on a log scale t0 ,no7re^jC^vT, .1 " -J^ TOB40CKB »"-«•-«" 
demonstraies the trade-off between sensh y rv /'/ 0 ""^ t0 ,he leveb of EPQ and coveraee ,« sT™ ST Iht . w,de,v de ?re« of 

up). The idea, method ^^^1^ "°? ho » olo P '» '»C ng « he7gh"n mo« ~ T,b ' e ' J* «" ph 
seiecung unrelated proteins Three measurer!.. 1. gr,ph ' wh,eh corresponds to identifying m,™ . enm * n made « mov "»g 

the aligned reg,on of the p"o,I^ ££££&^&S? m ^ ^"V-denti reto "°~ h ' P ' 
•n the aligned region as a percentaee of th* ? of the alignment length. Percentage idemirv with, *£T .L e dcgree of ldent,,v w '*» 

/» length for >0 ? < / < ^ffi Z^WJffl'tS % P™<™ n,^^S5S^ 

•He alignment m.nus H. Smith-Waterman raw scores S^Vti^^"^^ ^r^ZLZZZ 



perfect separation, with all of the homologs at the too of the 
«« and unrelated proteins below. I„ prac Je e , pSfeSeoaS 
uon .s tmpossible to achieve so instead one KeS" 

5 a s a d s above which there are nShs; 

error rate P ^ C0 " SiStem with an ^ep.able 
Our procedure involved measuring the coverage and er™, 
for every threshold. Coverage was defined as the fracfion o 
structural* determined homologs that have «orcs ab^ve the 
selected threshold; this reflects*,!* sensitivity 0 Ta method 
Errors per query (EPQ) . an jnoieato , of JJ^]™ ™* 

5TST n m°be| ,0m f 0,080U$ "I? " b ~ ,h < thre *hol7'divided 
by the number of quenes. Graphs of these data, called 
coverage vs. error plots, were devised to understand how 



' the »e<J»ence comparison program, 
protocols compare at different level. «f 

^ n ^T m u m P rocedure " directlv relevant to practical 
sequence database searching, for n provides oreciseh £ 

th* is J?J T e8SUre P ' aeeS a premium on sc °" cons^ 
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Fig. 2 Unrelated proteins with high percentage identity Hemrv 
gloom ^ham (fob code Ihds chain b rer38. Lefi) "nl~LEL£ 

h gh degree of ,dent,ty. the.r structure, strongly sugj'es. ma 'he,' 
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MabUty of Suttottcal Seems (PDB90O4) 
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Fig. 4. Reliability of statistical scores in pdbwd-b: Each line shows 
the relationship between reported statistical score and actual error 
rate for a different program. E-values are reported for sseakch and 
Fast a. whereas P-values are shown for blast and wu-blaST2 if the 
scoring were perfect, then the number of errors per query and the 
E-values would be the same, as indicated by the upper bold line 
(P-values should be the same as EPO for small numbers and drver f es 
at higher values, as indicated by the lower bold line.) E-values from 
ssearch and fasta are shown to have good agreement with EPO but 
underestimate the significance slightlv. blast and wu-blatt are 
overconfident, with the degree of exaggeration dependent upon the 
score. The results for pdb-od-b were similar to those for pdbwd-b 
despite the difference in number of homoiogs detected. This craoh 
could be used to roughly calibrate the reliability of a given statuueal 
score. 

ignored in previous tests but is essential for the straiehrforward 
or automatic interpretation of sequence companion results 
Further, it provides a clear indication of the confidence that 
should be ascribed to each march. Indeed, the EPQ measure 
should approximate the expectation value reported bv data- 
base searching programs, if the programs' estimates arc accu- 
rate. 

The Performance of Scoring Schemes. All of the programs 
tested could provide three fundamental types of scores The 
first score is the percentage identity, which mav be computed 
in several ways based on either the length of the alignment or 
!* e ,c i n ^ s of lne "quences. The second is a "raw" or 
5mitn-Waterman M score, which is the measure optimized bv 
the Smith-Waterman algorithm and is computed bv summing 
the substitution matrix scores for each position in' the align- 
ment and subtracting gap penalties. In Blast, a measure 
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k *** bi * ™«" " * Mistical 
score based on the extreme value distribution. Tnese results 
are summarized in Fig. 1. w 

JZZ\V* J*"**' Th ° Ugh " has becn ,on * ^abltshed that 

rulc-of-thumb stating that 30* identic sienifies homology. 
Moreover, publications have indicated that 25* identity can 
be used as a threshold (17. 36). We find that these threshold 
onginaJly denved years ago. are not supported bv pn«m 
resuJts. As databases have grown, so have the possibiliK 
chance alignments w,th high identity: thus, the reported c^off 
lead to frequent errors. Fig. 2 shows one of the mam oairs of 

nLi !?k k K ld , Cm,ty °T Cr «»»^rible aligned regions 
Desp te the high identity, the raw and the statistical sco4 for 
such incorrect matches are typically not significant. The pr Z 
cipal reasons percentage identity does so poorlv seem to be 

sequence ahgnmenu of at leas. 150 residues. Because one 
unrelated pa., of proteins has 43 J* iden.irv over 62 reaidu^ 
V , P B «K^V ««*i«**o* to be at least 70 £££ 

of ft££ *°? ^ % " a / eaSOnab,e for a da.ab Je 

of th»s panicular tat and composition 

H^l, 3 ?iV . Cn T ? ibai V> scores based on percentage identity 

S™L g- If °H e measurcs ,be P««n.age identity to 
w,thom "nsidera.ion of alignment lenith. 

Use of ?hf« ? «L e nUmbM ° f diSUm hontologTare detecfed 
Use of the hssp equation improves the value of percentaee 
.demitv. but even this measure can fmd onlv 49, ofa I "SX 

moT. 0 ^fw at EP ° $h ° n - ^ dentin, discard 
most of the mforma.ion measured in a sequence companson. 
,h,- " Smith - Wat e™an raw scores perform better 

^K P . e K em r gC ,dem " y (Fig 1 >• bul ,n - s " lin « (7) Prided no 
notable benefit ,n our analysis. I. is necessarv .o be verv precise 
when using e.ther raw or bit scores because a 20* change in 
cu off score could yield a .enfold difference ,n EPO However. 
" . ,k « £ C " L° Ch0OSe a PP r 0P»«e thresholds because the 

SSKh"* ' $COre ? ep . en0i °" ,he ,en * ,hs of the proteins 
matched and the s«e of the database. Raw score thresholds 
also are affected by matrix and gap parameters 

Statistical Scores. S.atistical scores were introduced panlv 
to overcome the problems that arise from raw scores Th^ 
scoring scheme provides the best discriminaiion between 
homologous pro.eins and those which are unrelated Most 
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^^ e ^^ c 0mPir>ion mtthoas are evalualed . eich 

" ? IK FAJTA k,u P - 1 » Bd wu-Bum are almost as £od a?i^ Tt^ T °~ SSEARCH - which '•*»* 18* ol re.ai.onsh.ps 
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likely, its power can be anributed to its incorporation of more 
utf rotation than any other measure: it takes account of the 
full substitution and gap data (like raw scores) but also has 
deia* about the sequence lengths and composition and " 
scaled appropriately. 1 

We find that statistical scores are not only powerful but also 
easy to interpret, ssearch and fasta show dose agreemem 
between statical scores and actual number of J££™ 
query (Fig 4). The expectation value score gives a boocL 
slightly conservative estimate of the chances of the two « 
quences being found at random in a given ouerv Thm »„" 
E-value of0.01 indicates that roughly one pair of nonhomdog" 
of this similarity should be found in every lOOdifferem q U e„« 
Neither raw scores nor percentage identity can be interpreted 
in this way and these results validate the suitability of he 

S«Vsel» U rch d,S,ribU,i0n f< " deSCr,bing scor « "om • 

»J?Z r* Va ' U f ft T BUST ak0 should »>e directK interpret- 
able but were found to overstate significance bv more than two 
orders of magnitude for 1% EPQ for this database. Nonet™ 
le» these results strongly suggest that the analvtie theorv ,s 
fundamentally appropriate. wu-blast: scores were more're- 

i™rH ,ha " J" 0 " fTOm BtAST - bW a,so aerate expected 
confidence by more than an order of magnitude at 1% EPQ 

ri,?^ De,eC V° B 0 ' Ho ? 0,0 * s •»« Comparison of MgL 
nthms. The results in Fig. >A and Table 1 show that pairwL 
sequence comparison is capable of identifying onlv a small 
fraction of the homologous pairs of sequences in pdbwd-b 

S? T"n E - Va,ue - best P ro,oeo1 ««^a.7ould 

find only 18% of all relationships at a 1% EPQ. buxt which 
identifies 15%. was the worst performer. where* fasta 
ktup = l is nearly as effective as ssearch. fasta ktup = ■> and 
wu-blast: are intermediate in their ability to detect" ho- 

tho £^ST P "?7 of differem algorithms indicates that 
those capable of ident.fymg more homologs are cenerallv 
s ower. ssearch is 25 times slower than bi^It and 6.5 ?im« 

^m^rf. ' k ' h ! ,a " er m0re "WPTtuble scores, 
hi 1 ; B - WhC I e ,h f e are cl0$e "'"ionships. the 
best method can ,dent.fy only 38% of structurally known 

rZZ°l 0e i (F '?- 5B) 71,6 m " hod which f,nd * that man" 
relat onships is wu-blastz. Consequently, we infer that the 
differences between fasta kup - 1. ssearch. and wu-biast- 
programs are unlikely to be significant when compared with 
variation i an database composition and scoring reliability 
( J l a L P 10 explain whv mosl distanI homoloes cannot be 
£!Z V* SeqUenCe com P arison: a 8'"' many such relation- 
snips have no more sequence identity than would be ext>ected 
by chance, ssearch with E-values can recognize >90% of the 

IrSK "J? wi \ h 30 - 40 * ident ».v this region, there 
are 30 pairs of homologous proteins that do not have sienif- 
leant E-vaJu«. but 26 of these involve sequences with <50 
T ."^2 seouenc « having 25-30% identity. 75% are 
identified by ssearch E-values. However, although the num- 
ber of homologs grows at lower levels of identity, the detection 
falls off sharply: only 40% of homologs with 20-25% idem™ 

Table 1. Summary of .equence companion methods wit, PDB40D . E 
Me,hod ~~~** Relauve Time- 
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» 25 » 
"■"Ian. >i bom 

(ssearch wi,h E-values) a°]% EPO TV n^'?™.*"'* me,hod 
proems w«h <40% ioem tv and Md * ,,bl " eonu,,u 

rkSrS^sifS of ,hose : i,h 1S ~ 20% ean be found - 

Si'Sii' ^ ^ ,he *«■-« of'man" 

>iE**"S5 12^, '.r vers,on of pai ™ e 

^ luef arc refi^r^nT 8 defaU " P ara ">e«ers show that its 
was Iuta,.n.'^ .1 k i ha ' " S ° Vera " de,ee,,on °f homologs 

^sa?^rwS^ o, u wd — • - « 

CONCLUSION 

The general consensus amongsi experts (see refs 7 %» "K "7 
and reierences therein, suggests that (he most effective" « 

and of. . « P " Se r enC " have been complexity masked 

exoe IT? f a,,S " Cal SC ° reS 10 ,nler P rel results. Our 
experiments fuJIv support this view 

ucs 0 ™!^ K S ° SU8 * eS * ' WO fur,her P° ,n,s Flrsl - ^ E-val- 
ucs reported by fasta and ssearch e.ve fa.rly accurate 
estimates of the significance of each match, bm he Pa lues 
provided by BLAST and wu-BLAST: underestimate the tru" 



ssearch % identity: within alignment 
ssearch % identity: within both 
ssearch % identity: HSSP*scaled 
ssearch Smith-Waterman raw scores 
ssearch E-values 
fasta ktup - ] E-values 
Fasta ktup - 2 E-values 
wu-BLAST? P-values 
blast P- values 
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extent f errois. Second, ssearch. wu-blatr. and facta 
wup « 1 perform best, though bust and fasta ktup « 2 
detect most f the relationships f und by the best procedures 
and are appropriate for rapid initial searches 

The homologous proteins that are found bv sequence com- 
parison can be distinguished with high reliability from the huge 
number of unrelated pain. However, even the best daubase 
searching procedures tested fail to find the large majority of 
duun, evolu„onary relationships a. an acceptable erro™,e 
Thus rf the procedures assessed here fail to find a reliable 
match, it does not imply that the sequence is unique: rather it 
indicates that any relatives it might have are distant ones •• 

"Additional and updated information about this work, ucludin. 
supplementary figure,, may be found „ hnp://«.n J^ffi 

.J^SEV g ? ,e ' ul 10 Drs. A. G. Munin. M. Levitt. S. R. Eddy 
and G. Mitchison for valuable discussion. S£A wu minri^iiJ 
supported by . Sl Johns College (Canbridgf UW BenSS 
Scho.srship and by the Amenean Friend, of C^bSe^nS 
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Annexins in cancer and aut immune diseases 
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tumours indicate an involvement of J^X^£^££Z^ * ""J" * 

distinct episodes of fetaJ development these observation^ ^STSji^i^^?^ ° f 31 
development and differentiation. This view is supported by date STlnk J^T of annexins m cellular 

signal transduction. Auto-andbodies against ^St^^^^^"^ T P3thWayS ° f 
diseases such as systemic lupus erythematosus. ri-ISZ^JS^^ b^eTdisIa- uT™™ 

expression of a raised autoimmunity in these patients. e F i»enis an unspecinc 
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Expression of annexins in tumours 

The finding that several annexins are subject to growth- 
dependent regulation of expression, together with their 
participation in signalling pathways and cell-cell adhe- 
sion, has awoken interest in their role in the pathogenesis 
of cancer. Considering the related structural properties 
of the annexins it is of interest that tumour suppressing 
and promoting attributes have also been demonstrated 
for different annexins. 

In 1983 Hattori et al. reported that AX-1 can induce 
differentiation in the human histiocytic lymphoma cell 
line U937 [1]. In their experiments a similar effect could 
be obtained by treatment of the cells for 6 days with 
dexamethasone. This dexamethasone-inducible differen- 
tiation could be blocked by a monoclonal ami- AX-1 
antibody, suggesting that the dexamethasone effect was 
mediated by AX-1. However, other investigators failed 
to confirm AX-1 mRNA and protein induction by dex- 
amethasone in U937 cells [2] as well as in primary 
human macrophages [3]. That these discrepancies might 
be a reflection of different culture conditions has been 
shown by Schlaepfer et al. [4J. The cellular level of 
AX-1 varies with the growth state of cells, with prolifer- 
ating cells having significantly higher cellular levels and 



expression of AX-1 in a variety of central and periph- 
eral nervous system tumours (8| and squamous cell 
carcinoma of the skin |9J. 

AX-2 has also been shown to underlie a growth-depen- 
dent regulation and to be inducable by mitogenic sub- 
stances [10. 11]. In contrast to the described tumour 
suppressive effects assigned to AX-1 the association of 
AX-2 phosphorylation with retroviral transformation 
has raised the suspicion that AX-2 could be involved in 
the pathogenesis of cancer [12-14]. AX-2 has been 
shown to be highly abundant in human hepatocellular 
carcinoma but not in normal liver, human fetal tissue or 
regenerating rat liver after injury [15J. Overexpression of 
AX-2 mRNA and protein have further been demon- 
strated in human pancreatic cancer and pancreatic cancer 
derived cell lines [16. 17), multi-drug resistant small cell 
lung cancer [181. and high but not low grade gliomas [19. 
20]. In the Eker rat hereditary renal carcinoma model a 
dominant disorder with a defect in the rat analogue of 
the human tuberous sclerosis (TSC2) gene, a differential 
analysis showed the AX-2 heavy chain to be one of four 
genes with increased expression compared to normal 
animals [21|. Low baseline AX-2 expressions and strong 
increases after induction of differentiation are found in 



-ung ceus naving sigruHcantly higher cellular levels and ""- ,edies arier induction of differentiation are found in 

synthesis rates than quiescent cells. Differentiation in- ^ PC12 rat adrenal pheochromocytoma and the F9 

duction by AX-1 was also reported for the human lung murine terat °carcinoma cell lines [22, 23|. Tressler et al. 

cell adenocarcinoma cell line A549 15 fil *nH th« u have demonstrated that AX-2 anri AY.K „_ 



cell adenocarcinoma cell line A549 [5, 6] and the human 
squamous cell carcinoma cell line SqCC/Yl |7j. Im- 
munohistochemical analyses have revealed increased 
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have demonstrated that AX-2 and AX-6 expressed on 
murine RAW117 lymphoma cells serve as adhesion 
molecules for tumour cell - endothelial cell binding [24 
25]. They showed that AX-2 and AX-6 are present on the 
externa] plasma membrane and that the binding of 
tumour cells could be significantly reduced by antibodies 
against AX-2 or AX-6. These findings indicate a pivotal 
role of certain AXs in cell-cell interaction. 
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AXs-1, 2. 4, 5 and 6 were also shown to be expressed by 
cultured osteoblasts and the human osteosarcoma cell 
line MG-63 [26]. In this study the amount of AX-5 
found in MG-63 cells was three times higher than in the 
primary osteoblast cultures. The authors also noted an 
influence on AX-5 levels on the state of growth of the 
culture. Karube et al. found a decrease of AX-5 mRNA 
and protein in carcinomas of the uterine cervix and 
endometrium when compared to normal tissues (27J. As 
AX-5 has been shown to exert an inhibitory action on 
protein kinase C [28. 29] the decreased levels of AX-5 
might lead to a dysregulated activation of protein ki- 
nase C. 

In contrast to AX-1 and -2 which are regulated during 
normal cell growth, the expression of AX-6 appears to 
be constitutive in most cell lines [30]. Tumour suppres- 
sive effects have been assigned to AX-6 in certain model 
systems. AX-6 is not expressed in the human squamous 
cell carcinoma line A431 which is characterized by a 
lack of contact inhibition and reduced growth factor 
requirement. After transfection with the AX-6 gene 
A431 cells stopped proliferating after reaching conflu- 
ence [31] and grew smaller tumours than the non-trans- 
fected cells in mice [32]. Recently, AX-6 has been 
demonstrated to be differentially expressed in a murine 
melanoma cell line when compared to a syngeneic 
Melan-a-immortalized melanocyte cell line [33], 
Acute promyelocyte leukemia (APL) is a disorder char- 
acterized by a balanced t(15;17) translocation in which 
the breakpoint involves the retinoic acid receptor-a and 
the PML gene [34] . AX-8 was shown to be overex- 
pressed in APL cells in the majority of cases [35, 36]. As 
the AX-8 gene is located on chromosome 10 its overex- 
pression cannot be directly related to the translocation. 
Interestingly, all-trans-retinoic acid, a strikingly effec- 
tive drug to induce remissions in APL patients, is able 
to reduce the AX-8 expression in the APL-derived cell 
line NB4 [35]. This has been shown to be due to 
transcriptional regulation of the AX-8 gene [36]. The 
negative response of AX-8 expression to all-trans- 
retinoic acid supports the notion that AX-8 might act as 
a signal transducer involved in regulation of cell growth 
and differentiation. 

Annexins as potential auto-antigens in autoimmune 
diseases 

Auto-antibodies against AX-1 in patients with 
rheumatic diseases such as systemic lupus erythematosus 
(SLE) and rheumatoid arthritis (RA) were first de- 
scribed by Hirata et al. in 1981 [37]. These investigators 
found that patients' sera were able to abrogate the 
inhibitory action of a partly purified rabbit lipocortin on 
phospholipase A 2 . This effect was decreased after ab- 
sorption of the IgM fraction but not the IgG fraction of 
the sera, which suggests that circulating IgM antibodies 
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against AX-1 were present in those patients. Later, 
AX-1 of the IgM and to a lesser extent of the IgG-type 
were found in patients with RA and SLE using a 
recombinant human AX-1 and a correlation with dis- 
ease activity was claimed [38]. Initially, it was suggested 
that corticosteroids might, by the induction f AX-1, 
induce the formation of AX-1 auto-antibodies, and that 
their presence might impair the inhibitory action of 
corticosteroids on phospholipase A 2 [38]. However, a 
causal role of corticosteroids in the induction of AX-1 
auto-antibodies seems unlikely, because asthma patients 
treated with corticosteroids do not show AX-1 auto- 
antibodies [39]. Furthermore, no association of AX-1 
auto-antibodies with either serum phospholipase A 2 lev- 
els or activity could be shown [40]. Patients with SLE 
were also reported to have auto-antibodies against AX-5 
[41]. In this study the auto-antibodies were more com- 
mon in patients who additionally had positive anti-car- 
diolipin antibodies or lupus anticoagulant. AX-1 
auto-antibodies have also been demonstrated in patients 
with inflammatory bowel diseases, such as Crohn's dis- 
ease or ulcerative colitis, who lack any association with 
corticosteroid treatment [42]. Interestingly, in this study 
patients with active confirmed bacterial diarrhoea had 
the highest titres of AX-1 auto-antibodies, suggesting 
that their presence might not be confined to auto-im- 
mune diseases but might reflect a nonspecific reaction to 
inflammation. This view is supported by studies demon- 
strating auto-antibodies against AX-1. AX-2, AX-3, 
AX-4, AX-5, and AX-6 in a plethora of inflammatory 
and neoplastic skin diseases without a clear correlation 
to any disease group including auto-immune diseases 
[43, 44]. For obvious reasons, a final judgement on the 
relevance of AX auto-antibodies requires the elucidation 
of the functions of AXs. 
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Annexins are Ca 2 ^ -dependent membrane-binding 
proteins that are potentially important in Ca 2 +- 
induced neurotoxicity or neuroprotection. To ad- 
dress the possible involvement of annexins in cel- 
lular reactions to brain injury and 
neurodegenerative disease, we studied the im- 
munohistochemical localization of annexins I, // 
(p36 and pll), TV, and VI in the adult human 
hippocampus. Formalin-fixed, paraffln-embed- 
. ded tissue from autopsy cases representing hy- 
poxic-ischemic injury, seizure disorders, Alzhei- 
mer's disease, and age-related controls were 
examined. Neurons showed cytoplasmic immu- 
noreactivity for annexin 1, whereas annexin VI 
was distributed in patterns suggesting plasma 
membrane and perisynaptic locations. The cyto- 
architectural distribution of annexin VI within 
neurons was altered in pathological states and 
annexin VI was strongly associated with neuro- 
nal granulovacuolar bodies in Alzheimer's dis- 
ease. Reactive astrocytes expressed annexins I, 
// (p36 and pi 1), and IV, whereas quiescent as- 
trocytes were minimally immunore active. Signifi- 
cant annexin immunore activity was also de- 
tected in oligodendrocytes (annexin IV), 
ependymocytes (I, II, and IV), choroid plexus (I, 
IV, and VI), meningothelium (I, II, IV, and VI), 
and vascular endothelium (II and IV) and 
smooth muscle (I, IV, and VI). This is the first 
comparative study of immunore activities for 
multiple annexins in human brain. Neurons and 



glia display selective and different profiles of an- 
nexin protein expression and show immunohis- 
tochemical changes in pathological conditions, 
which suggest involvement of annexins in neuro- 
nal and glial reactions to >njury. (Am J Pathol 
1994, 1*5:640-649) 



The annexins are a family of proteins that are defined 
by a conserved COOH-termina! domain that confers 
Ca ? ~ -dependent binding to membranes containing 
acidic phospholipids. The NH r terminal sequence of 
each annexin is unique and presumably confers func- 
tional specificity to the protein. A variety of roles for 
annexins in cellular physiology have been proposed, 
such as mediation of membrane trafficking events 
and membrane-cyloskeleton interactions, regulation 
of phospholipase activity and eicosanoid release, re- 
ceptor signal transduction, modulation, or formation 
of Ca ? " channels, and control of cellular proliferation 
and differentiation. 1 However, at present there is 
little understanding of the specific functions of par- 
ticular annexins in vivo. 

Annexins are widely distributed among species 
and tissues. In the mammalian nervous system, dif- 
ferent annexins are expressed in various cell 
types. 3 " 6 The patterns of annexin expression in the 
brain may change during development 3 7 and in 
pathological states 8 9 To better define the relation- 
ship of annexins to cellular reactions to injury and de- 
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generation in the human central nervous system, we 
have compared the distributions of annexins I. II (p1 1 
and p36 subunits), IV, and VI in the hippocampus after 
a variety of conditions associated with glial reactions 
and neuronal damage. In this study, hypoxic ischemic 
damage, chronic seizure-related injury, and Alzhei- 
mer's disease were accompanied by specific alter- 
ations in both the cellular distributions and cytoarchi- 
tectural patterns of the annexins. The most prominent 
cr.anges occurred with the cytoarchitectural distribu- 
tion of annexin VI in neurons and increases of annex- 
ins I. II, and IV in reactive astroglia. These data sug- 
gest that the annexins may be involved in neuronal 
and glial responses to acute and chronic injury. 

Materials and Methods 
Case Material 

Hiopocampal sections from a total of 20 postmortem 
:ases (13 male. 7 female) were examined. Four pa- 
vents (ages 35 to 66 years) with no history of either 
scute or chronic neurological disorders were re- 
garded as controls. Six patients had histories of sei- 
zure disorders: two had asymmetric hippocampal 
sclerosis and four showed mild to moderate hilar as- 
•/ogiiosis without significant neuronal loss. Four pa- 
rents witn histories of chronic dementia had patho- 
ogical findings diagnostic of Alzheimer's disease. 10 
^our patients had significant hypoxic/ischemic 
events that occurred 4 days to 2 weeks before death: 
three showed neuronal loss in hippocampal CA1 with 
gliosis and one had a subacute infarct in CA1. Two 
oatients were terminally unresponsive after shock 
and showed acute neuronal injury without gliosis. 
Postmortem intervals for all cases ranged from 2 to 24 
"•ours (median. 12 hours). Neurosurgical specimens 
•.vere used as controls to assess the effects of post- 
mortem fixation delay on annexin immunohistocnem- 
stry. These consisted of gray and white matter from 
cerebral neocortex and hippocampus and repre- 
sented a variety of diseases, including inflammatory 
processes, infarcts, seizure disorders, and Alzhei- 
mer's disease. 

Tissue Processing and 
Immunohistochemistry 

In most cases the entire brain was fixed by immersion 
m 10 to 20% phosphate-buffered formalin at room 
temperature for 2 weeks before dissection and routine 
embedding in paraffin. In three cases, the brains were 
freshly dissected and hippocampal slices were fixed 



for 3 to 4 days at 4 C in phosphate-buffered 10% 
formalin before parafiin embedding. The control neu- 
rosurgical specimens were fixed and processed un- 
der a variety of conditions, ranging from rapid immer- 
sion and fixation of fresh tissue in 10% buffered zinc 
formalin for 48 hours at 4 C to routine fixation for 8 to 
24 hours at room temperature. Fixed tissue was em- 
bedded in either regular temperature or low melting 
point paraffin (42 C). Variations in tissue processing 
did not affect the cellular and cytoarchitectural local- 
izations of specific annexin immunoreactivities re- 
lated to either normal or disease states. The overall 
intensity of immunostaining was somewhat less ro- 
bust in deeper regions of the postmortem brains fixed 
by whole immersion compared with fresh tissue sec- 
tions that were more rapidly fixed. 

Immunohistochemistry was performed for annex- 
ins I. II (p1 1 and p36), IV, and VI and for glial fibrillary 
acidic protein (GFAP) in all cases: for S 1 00/3 and 0A4- 
amyloid in Alzheimer's disease cases: and for syn- 
aptophysin, HAM 56, and factor VIII in selected other 
cases. Primary antibodies were obtained from the fol- 
lowing sources and used at the indicated concen- 
trations in phosphate-buffered saline (PBS): 1 ) mono- 
clone 1 mouse IgG antibodies directed to annexin |. 
annexin II (p36 monomer), annexin II (pi 1 subunit). 
annexin IV. and annexin VI (each at 1:500: Zymed 
Laboratories. Inc.. South San Francisco. CA): 2) rab- 
bit polyclonal antibodies directed to GFAP (1:1400: 
Dako Corp.. Carpinteria, CA); 3) monoclonal mouse 
IgG directed to synaptophysm (SY38, 1:10; Boeh- 
ringer Mannheim Corp., Indianapolis, IN); 4) rabbit 
polyclonal antioodies directed to 04-amyloid (1:10: 
Boehringer Mannheim Corp.); 5) rabbit polyclonal an- 
tibodies directed to S100/3 (1:2000; Chemicon Inter- 
nationa!. Inc.. Temencula. CA); 6) monoclonal mouse 
IgG antibodies directed to human macrophage anti- 
gen (HAM 56. 1:100: Dako Corp.); and 7) monoclonal 
mouse IgG antibodies directed to factor VIII (110; 
Dako Corp.). The specificities of the antiannexin an- 
tibodies were confirmed by Western blotting of nor- 
mal and neoplastic human brain tissues and of cul- 
tured U251 human glioma cells. 

Paraffin sections. 5 u thick, were prepared for im- 
munohistochemistry by deparaffinization in xylene, 
preincubation for 30 minutes at 22 C with methanolic 
H ? 0 ? (1.75%). and hydration in graded alcohols. For 
annexin II (p11 subunit or p36) immunohistochemis- 
try sections were then treated either with pepsin 
(Sigma Chemical Co.. St. Louis. MO) 4 mg/ml in 0.01 
N HCI for 1 5 to 30 minutes at 37 C or by microwaving 
at 750 W in 1 0 mmol/L sodium citrate buffer (pH 6) for 
three to four consecutive 5-minute intervals, replacing 
evaporated buffer volume with H ? 0 after each inter- 
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val. The patterns of pli immunoreactivity produced 
after each of these treatments were identical. For p36 
m.crowave pretreatment allowed detection of immu- 
noreactivity but pepsin pretreatment did not For de- 
tection of 0A4 epitopes, sections were incubated with 
88 /> formic acid for 5 minutes at 22 C. All sections 
were then rinsed in PBS, blocked with 1.5% nonim- 
mune serum in PBS (horse serum for monoclonal an- 
tibodies or goat serum for polyclonal antibodies) and 
incubated with the primary antibodies for 18 to 24 
hours at 4 C. Primary antibody was labeled by the 
avidin-b.otin complex method 11 using the Vectastain 
Elite kit (Vector Laboratories Inc.. Burlingame CA) 
and visualized with peroxidase-coupled anti-mouse 
or ant,-rabbit antibodies using diaminobenzidme 
(DAB) as the chromogen. The sections were coun- 
terstamed with hematoxylin. 

Dual-label immunohistochemistry for pn and 
GFAP was performed by first visualizing pn with mi- 
crowave pretreatment as described above using ami- 
noethylcarbazole (AEC) as chromogen. The sections 
were then incubated with pepsin (4 mg/ml in 0 01 N 
HCI. 15 minutes at 37 C). rinsed in PBS. and blocked 
with nonimmune goat serum. GFAP was then visual- 
ized as described above, using DAB-Ni complex as 
chromogen. Dual labeling for /3A4 and p1 1 was per- 
formed by first visualizing 0A4 with formic acid pre- 
treatment as described above using AEC as chro- 
mogen; pn W as then visualized with pepsin or 
microwave pretreatment as described above using 
DAB-Ni complex as chromogen. 



Annexin Nomenclature 



Studies cited herein have used a variety of designa- 
-ons or the annexm proteins The system used here 
is that of Crumpton and Dedman:- p3 7. annexm |- 

annexTv? 10 " m ° n ° mer: ^ Mm ' V: p67/6a 



Results 

Normal Hippocampus 

lTuT >ar JT iZati0nS ° f annexins '• " (P 3 6 and 
pn). IV. and VI are summarized in Table 1. 

Annexin I 

Moderate to strong immunoreactivity for annexin I 
was present in neurons, subependymal and subpial 
astrocytes, choroid plexus epithelium, ependyma 
and vascular smooth muscle (Figure 1 A), in neurons' 
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annexm I was primarily confined to the soma in a de- 
fuse to granular cytoplasmic pattern (Figure 3F) 
somet-mes with a perinuclear distribution. The inten- 
sity of the annexin l immunoreactivity of the hio- 
pocampal neurons ranged from most intense in bi- 
polar neurons of the stratum oriens. to moderate in the 
pyramidal neurons of the cornu ammonis. and to only 
mud .n the granular cells of the dentate gyrus Im- 
munoreactivity in other cell types generally showed = 
diffuse cytoplasmic pattern. Subependymal and sufc- 
p.al astrocytes exhibited moderate immunoreactivi* 
m cell bodies and larger processes. In contrast a- 
nexm . was not detected in nonreactive parenchyma 
astrocytes and oligodendroglia. The neuropil showed 
a faint ,o mild diffuse staining, somewhat less in whit* 
matter compared with gray matter. Immunoreactivity 
in vascular endothelium was mild and variable 



Annexin II ( P 36 and pit) 



lmmunoreactiv,t.es tor annexm || ( p3 6 and pit, 
showed similar cellular and cytoarchitec.ural distr, 
butions (Figure 1B). In ependymocytes and sub- 
ependymal and subp,a: astrocytes, immunoreactivr, 
was usually most intense at the cell periphery but wa * 
sometimes cytoplasmic. Immunostaining in dee- 
wh,te matter was variable and when present was as- 
sociated with perivascular astroglia. Annexin II P 36 
and pi 1 were absent ,n neurons, nonreactive paren- 
chymal astrocytes, oligodendrocytes, and neuropil 
In other cell types, pi 1 and p36 .mmunoreactivinec 
were strong in arachnoid meningothelium and va«~ 
cular endothelium, whereas staining of the choroic 
Plexus epithelium and vascular smcoth muscle wa< 
variable and mild. 

Annexin IV 

Moderate to strong cytoplasmic immunoreactivity for 
annexm IV was present in subependymal and subpia: 



Annexrns in Human Hippocampus 643 

AfP September 2994. Vol. 145, So. 3 




Figure 1. Annexin www nobistfcbennsiry of imrnia.' hipf»*:afnpu.> Adjacent tissue tectums ui-re processed fur annexin I\At. pi I iB». annexin f\' 
<C'. and annexin UfD> usim: hi-.nn-unjn: wtmun-JnstiKhermstn uvh hematoxylin cunntcrstain A: Anuexw I uu< preset:: tn mur'.tia! cell 
todies in the dentate f*vru.* and Amnion s hunt, film m ht/tfXKampai fissure, fimbnu and alixus and ifiena'ynm and teste!.* B: Ikwse pll iwmu- 
tvireaau ity u as a>* tutted with glut it; fimbria. aheu> and z 1 :/»/**»/</»»;*// fissure. and m:h /■,•,.», and eth ndvma C: 77v dis:nhu:mn i.;'aunextn 
IV nnm uWiretKltrity resembled that "f pll hut the staimny i:w» le^ Jen>e and nct\ di!!u>e hnwuwreacti: t:\ in dentate vriinuie ic.',' /,nv uas 
muti lated with plia. D: Annexin 17 mo pnnnineni in pyramidal and eranule cell layers */;;.«' den dnuc field* Maininii in fimbria and ali en* mis 
pnmanly axtauil OnRtnal maynif^an^n. >'/~.5 ;. Amman * h>m\a. c.-U. h. CAJ. c. C-U d. C.A t \ J. granule Jell layer of dentau ■ uynt.< .-5 
ten;/* *ia! b'trn of lateral ixmineie -i. b;f>j*+awf>a! fis>ure. S. alien? f; fimbria 



astrocytes, oligodendroglia, choroid plexus, 
ependyma. arachnoid meningothelium, vascular 
smooth muscle, and endothelium (Figure 1C). The 
suDependymal and subpiai astrocytes contained dif- 
fuse or granular staining patterns in cytoplasm and 
larger processes. In choroid plexus epithelium, an- 
nexin IV was distributed in a relatively coarse granular 
cytoplasmic pattern, often with subapical accumula- 
tion, and in ependymocytes was usually localized to 
cell borders. Annexin IV in oligodendroglia was most 
apparent in populations exhibiting perineuronai and 
perivascular satellitosis where it was present as a thin 
perinuclear cytoplasmic rim or outlining the plasma 
membrane (Figure 3H). Annexin IV was never de- 
tected in neurons. 

Annexin IV was also detected in the nuclei of some 
ependymocytes, astrocytes, oligodendrocytes, and 
endothelial cells. The presence of nuclear staining 
was not correlated with cytoplasmic staining or the 
type of lesion, clinical history, or patient age. 

Annexin VI 

Moderate to strong annexin VI immunoreactivity was 
present in neurons, choroid plexus epithelium, arach- 



noid meningothelium, and vascular smooth muscle 
(Figure 1D). In pyramidal neurons, annexin VI was 
primarily localized to the plasma membranes of den- 
dritic processes and perikarya and in neuropil in a 
granular or punctate pattern similar to that of synap- 
tophysm (Figure 3. A and B). Bipolar neurons in the 
stratum oriens displayed dense cytoplasmic staining 
of soma and proximal processes, whereas the immu- 
noreactivity tn granule cells was less prominent. The 
only immunoreactivity in the white matter was con- 
fined to axena! fibers. Annexin VI in the choroid plexus 
epithelium was concentrated in the apical and basal 
regions, whereas ependyma displayed negligible im- 
munoreactivity. Annexin VI was not detected in non- 
reactive astrocytes, oligodendroglia, and endothelial 
cells. 



Pathological States 

All the types of acute central nervous system damage 
and chronic degeneration were associated with al- 
terations of the cytoarchitectural distribution of an- 
nexin VI in affected neurons and increased expres- 
sion of annexins I, II, and IV in react ; ve astrocytes. 
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However, the intraneural distribution of annexin VI 
and the relative degree of expression for the annexins 
showed some differences in the various pathological 
processes. y 

Neuronal Annexins 

In subacute hypoxic ischemic injury, seizure dam- 
age, and Alzheimer's disease, the surviving CA2 ov- 
ram,dal neurons displayed increased annexin VI im- 
munoreactivity within the somal cytop.asm (Figure 
3E). The differences in staining intensities of the CA2 
neurons compared with those in other areas was often 
quite marked. Similar but more variable changes 
were present in the CA3 and CA4 neurons. In Alzhei- 
mers d.sease, the granulovacuolar bod.es within de- 
generatmg pyramidal neurons were strongly immu- 

noreactiveforannex : - V Tl - ,^=r„ J 

t . . w a, »«x...\ «. «i.-jo.ar membranes of 

these bodes were consistently labeled, whereas the 
granular bod.es were more variably stained (F.oure 
3E). In contrast, annexin VI was never detected in 
neurofibrillary tangles or neuritic plaques 

■ Each case of acute hypoxic ischemic .njury dis- 
played a unique pattern of annexin VI immuno'eac- 
tiv.ty within neurons. The first was a concentration of 
.mmunoreactivity w,th,n prox.ma. dendritic segments 

C A1 o"i (Fl9Ur ! 1 ' C) ° r W!thin tne somal cytoolasm in 
CA1-2 (Figure 3D). The other was a markedly het- 
erogeneous distribut.cn of immunoreact.v.ty w.thin 
pyramidal neurons, includ.ng focal staining of plasma 
membrane and vesicular structures within the cyto- 

In contrast to annexin VI. annexin I immunoreac- 
ivity .n neurons showed no consistent pattern of al- 
teration m the var.ous disease states. In Alzhe.mers 

S S r' , Sta ' nin9 Wlthin neUr ° nS W3S e * dud ed from 
-ntracel^lar neurofibrillary tangles and granulovacu- 
o.ar bodies in Degenerating neurons. 



Glial Annexins 

rlT tWe aS,r ° CyteS W6re iden,i,,ed b * P^minent 
cytoplasm and processes with strong GFAP immu- 
noreactivity. Astrocytes in the endfolium reg,on adja- 
cent to the granular cell layer appeared to be the most 
sensitive to developing react.ve changes in response 
to hypoxic .schemic injury and seizures. In more se- 

ZZT 5 f ? aCtiVe aS,f0Cy,eS W6re more dis- 
nbuted. part.cular.y in areas of neuronal loss or in- 

terctm in Alzheimer's disease, reactive astrocytes 

senTel U o V ^ ' n aSsociat ™ 

sen.le plaques and degenerating neurons. 



exp^slonTr* 6 P ° PU,ati0nS diSp,ayed 
expression of annexins I, II. and IV. In general an 

ceTandZ n ° reaC,iVity *" ^ P « « 
cells and the surrounding neuropil ,n reg.ons of more 

severe gl.os.s. eg. adjacent to an infarct (Figure 2A 
The m racellular pattern of annexin I immuno^aefvr ' 
was always diffuse (Figure 3F). Annexin IV was q^ 
fusely distributed within gemistocytic astrocytes (F.o- 
ure 3, H) or ,n punctate, granular, or vesicular pattern's 
with, .brmary astrocytes. In contrast, annex' II n 
and P 36 were usually most strongly localized at the 
ce» penphery. m Alzheimer's d.sease. astrocytic p v 
P36 was also localized to discrete plaque-like area* 

ho", „f B) - DuaMabel ---o'stoc em st " 
showed that P 11 immunoreactive astrocytes when 
Present^were only in Cose prox.mity to diffuse and 
mature 0-amyloid plaques and were not associated 
JJ • her dystrophic ne ur„es or extrace.lufar^ 
Hilary tangles. However, many 0-amyloid plaque5 
were no, associated with pt , /p3 6 .mmunoreac'v," 
In contrast ,c .the , oca. pattern of p 1 i/ p36 expression 
GFAP and S100/3 immunoreactive astrocytes were 
more widely distributed (Figure 3G) Annexin I o- IV 

;r TOea * e astrocy:es °« "0. show a plaque- 
I'ke pattern and were distributed without any specif;- 
elat.onship to neur, tic p ,a pues . neurofibrillar; 
tangles, or degenerating neurons 

Only annexin IV could be consistently .denuded in 
actuated m.croglia with ramif.ed. rod. and ameboid 
morpho!og,es. These cell populations were also im- 

bu3r C FAP f ° r f HAM - 56 macr °P h aoe an„gen 
bu no. GFAP or (actor VIII. Annex.n IV .mmunoreac- 
^ was d,s,r !buied i n granular or vesj=u|ar 
within the cytoplasm and processes. 



Discussion 



Previ OUS st dtes nave descrjbed ^ 
b^chemica. charac.enzation of the major spec.es of 

in, l Til" mammai,an bra ' n . which .nclude annex- 
hSl. II. IV.andV. -3 Littleisknown , h0wever 

the specific cellular distribution or physio.og.cal roles 
of th.s fam.ly of prote.ns in the human nervous svstem 
Th.s study examined the comparative cellular local- 
ization of the major annexins in the human hippocam- 
pus, wh.ch contains physiologically distinct neuronal 
cell types and undergoes well-characterized patho- 
ogical changes in response to injury and degenera- 
te processes. Annexin V. was selective.y d.s.nbu.ed 
•n n eurons and annexjns „ ^ |y ^ 

annex.n I was present in both neurons and astrogl.a 
These data concur with previous findings in non- 
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Figure 2. Pathological patterns of pi J immunoreactivity A: Sulxicute infarct w CM The region adjacent to the infarct was densely stained An- 
nexins I. II ( p.$6>. and /V shotted similar patterns < Bwim-aitdtn immunoperoxidasc with bematcxyhn countersiaw. original magnification 
Xi50 ) B: Alzheimer s disease Slanting was associated with platfttes tn CAi. ( Biotin-avidin wununopentxuiase with hematoxylin counterstam. 
original magnification X6(v > /. infarct: GC. granule cell layer of dentate g\-rus: ML. molecular la wr of dentate g\nts. 



human mammalian brain. 3_5 - 13 Our findings also im- 
plicate the annexins in neuronal and astroglial re- 
sponses to acute and chronic neurodegenerative 
conditions. 

Annexin I has been shown to be a major cellular 
substrate for the EGF receptor tyrosine kinase 14 and 
has also received much attention as a putative en- 
dogenous anti-inflammatory agent. 1b The localization 
of annexin I immunoreactivity in neurons of the cornu 
ammonis and dentate gyrus and in subependymal 
astrocytes, ependymocytes. and choroid plexus cor- 
responds to the localization of the EGF receptor. 16 
Like annexin I, the EGF receptor is also expressed in 
reactive astrocytes but not in queiscent astrocytes. 17 
The parallel distributions of these proteins are thus 
consistent with a role for annexin I in mediating effects 
of EGF on neurons and glia. Annexin I has also been 
proposed to play a role in regulating glial prostag- 
landin production, based on the relationships be- 
tween annexin I expression, phospholipase A 2 activ- 



ity, and eicosanoid release in cultured astrocytes. 18 
Annexin I in rat hippocampus has a neuronal and glial 
distribution like that described here 5 and is present in 
synaptic plasma membrane fractions as a covalent 
dimer. 19 presumably due to cross-linking by transglu- 
taminase. 20 In human brain. Johnson et al e detected 
annexin I immunoreactivity in ependyma. sub- 
ependymal astrocytes, choroid plexus, and reactive 
astrocytes associated with brain injury, but unlike this 
study, not in neurons. The most obvious explanation 
for this variance would be differences in the epitopes 
recognized by the antibodies used in these studies; 
it is possible that posttranslational modifications of 
annexin I in neurons, such as cross-linking, could 
mask immunoreactive epitopes. 

Annexin VI immunoreactivity was associated with 
neuronal cell membranes and processes in a pattern 
suggestive of terminal and perisynaptic locations 
and was the only annexin that was not detected in 
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reactive or quiescent macroglia. The choroid plexus 
secretory epithelium showed strong annexin VI stain- 
ing concentrated in the subplasmatemma! region. 
One potential role for annexin VI in synaptic terminals 
and choroid plexus is regulation of clathrin-mediated 
membrane trafficking. Clathrin-coated vesicles are 
involved in the biogenesis of dense-core secretory 
granules and synaptic vesicles, and in the endocy- 
rotic recycling of vesicles after exocytosis. 21 Annexin 
VI is required for the budding of clathrin-coated en- 
nocytotic pits in vitro. 22 Although the clathrin heavy 
main does not exhibit Ca 2 * -dependent membrane 
binding properties, it co-purifies with annexins VI 
and IV prepared from brain using this technique, 
suggesting an association with the annexin pro- 
;eins 4 Annexin VI has also been shown to modulate 
:ne activity of a ryanodine-sensitive Ca 2 " channel in 
sarcoplasmic reticulum 23 Ryanodine receptors have 
oeen identified in r.eurcr.: 24 raising the possibility 
that annexin VI might modulate neuronal Ca 2 ~ sig- 
naling mechanisms. 

Expression of annexins It (p11/p36) and IV in neural 
3ells was limited to glia. However, the glial cell popu- 
ations expressing these annexins and the cytoarchi- 
:ectural distribution of immunoreactivity within ceils 
.vere quite different. Immunoreactivities for pi 1 and 
o36 were associated primarily with plasma mem- 
oranes and processes of reactive astrocytes, 
whereas annexin IV staining was cytoplasmic in re- 
active astrocytes and was also present in some oli- 
godendrocyte populations, activated microglia, and 
sometimes in the nuclei of glial (and endothelial) cells. 
These different patterns of annexin localization most 
likely reflect roles in different cellular activities, such 
as proliferation 25 migration 26 and extension of cy- 
toplasmic processes 25 27 The localization of annexin 
IV in nuclei has been previously reported in fibro- 
blasts 28 Intranuclear functions of annexins are sug- 
gested by the discoveries that annexin II is a com- 
ponent of the DNA polymerase a-primer recognition 
protein complex 29 and of a novel annexin associated 
with calcyclin. 30 

Two patterns of annexin localization were charac- 
teristic of Alzheimer's disease: the association of an- 
nexin VI with granulovacuolar bodies in degenerating 
pyramidal neurons and expression of annexin II (p1 1/ 
p36) by astrocytes closely associated with some 



0-amyloid plaques. Granulovacuolar bodies contain 
immunoreactivities for cytoskeletal epitopes similar to 
those found in neurofibrillary tangles and neuritic 
plaques, and thus seem to be related to neurofibrillary 
degeneration. 31 The presence of strong annexin VI 
immunoreactivity associated with the membranes of 
granulovacuolar bodies (but not with neurofibrillary 
tangles or neuritic plaques) suggests that annexin VI 
could be important in their formation, perhaps involv- 
ing an aberrant vesicular trafficking pathway. The oc- 
casional association of p11/p36 immunoreactive as- 
trocytes with extracellular 0-amyloid deposits in 
Alzheimer's hippocampus suggests that some amy- 
loid plaques may contain a component that stimulates 
annexin II expression. Plaques are heterogeneous in 
composition, containing variable amounts of amyloid 
precursor derivatives, neuritic components, micro- 
glia, and secondary substances such as immuno- 
globulins and complement factors 32 It seems likely 
that plaque components other than amyloid and neu- 
rites are related to annexin II expression in plaque- 
associated astrocytes, because p1 1/p36 immunore- 
activity was inconstantly present in mature or 
immature plaques and was not seen in reactive as- 
trocytes associated with extracellular neurofibrillary 
tangles, which, like neuritic plaques, contain paired 
helical filaments. 

The increased expression of annexins in pathologi- 
cal states may represent a neural tissue response that 
serves to limit damage. Membrane degradation by 
phosphohpases represents one mechanism underly- 
ing neuronal injury after hypoxia ischemia, excitotoxin 
exposure, seizures, and in chronic neurodegenera- 
tive diseases 32 Annexins. which inhibit phospho- 
lipase activity in vitro, could thus act as endogenous 
neuroprotective agents. In subacute and chronic 
states (posthypoxic. seizures, and Alzheimers dis- 
ease) annexin VI immunoreactivity was consistently 
increased within the cytoplasm of pyramidal neuronal 
soma in CA2. Neurons in this region are more resistant 
to injury than those m other regions of the hippocam- 
pus, raising the possibility that an increase in annexin 
VI expression could represent a response promoting 
neuronal survival or recovery from injury. An alterna- 
tive explanation is that annexin VI may accumulate in 
neuronal soma because of disruption of normal 
axonal-dendritic transport mechanisms, because an- 



Figure 3. Cellular localization >f annexins. A-E: Anncxo; 17. Immunoreactnuv in normal CAJ*A> ami CM *B> was as»H.mte t ,' with ueunmal 
memhraues and neuropil, In acute byfnxic ischemic injury, annexin 17 was concentrated uiihnt Jew/nth segments in <..UiO ami ueunmat k ell 
bodies in CA1 « D ». In Alzheimer s diseased, annexin VI uas seUtluely nnreoxtl within C.\J murons* lotnv njthn but not tn CM neurons I up- 
per left > and was also associated with finmult vacuolar Ixnltes ■ inset » F: Annexin I tmmunoreai titih traspnsent in both pyramidal neurons and 
reactit c astrocytes Unsi't* G: Pual-laMm^ for pit « At:C. red* and idAJ'iI)AH.\i blaci't demonstrated p 1 1 immunoreactiriiy m an Alzheimers 
pltMjuc-assi hiatal astrocyte i arrowhead) and capillaries whereas other astnn ytes stomal unlvfoi <»7v1/' * arrou ^ H: Anne.\m tV wa* present in 
olifrtdondritytes and reactite astrocytic tnset) Hiotin-atidiu mtmuitofteraxtdase with hematoxylin tonnterstant. magnifications A-D. M>s' E 
x 52. inset. X67G. F. x 1HU: inset. x 5W: G. x^.>6. H, x <hI: inset. xoW. 
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nexin vi has been identified in the slow component of 
axonal transport in rat peripheral nerve * 

JJl P ^ SenCe ° f ann6Xin ' irn ™ n °*activity in neu- 
ons s also compatible with the hypothesis that neu- 
ronal annexms could confer resistance to Ca»" 
induced neuronal injury. Although annex.n , did not 
show patterns of expression in neurone, populates 
****** corresponded with their relative de 
grees of resistance or susceptibility to injury, recent 
stud.es have directly demonstrated neuropLctfve 
propert.es of endogenous annexin I. Surpns.ngfy " e 
act.ve protein app ears , 0 reside in the extraXZ 
space because intraventricu.ar aom.nistra.t o an 
nex.n I n l.ve rats decreased the sizes of cerebral 

ZZ by ischem,a9 or 9,utama,e 

agonist, whereas section of neutralizing antibody 
had the opposite effect. Potential sources of endoo 
enous traceI , u|ar annsxjn , cou|<j -dog 

lease by neurons and react(ve a * 
■nto the cerebrospinal fluid by choroid plexus be 
cause annex, : has been shown to be eteCvet ' 
secreted by other eel, types-- Annexin I couid a so 
c t T dama9ed t!SSue or ™*™ a *ory 

vat ons a - 9 thiS S,Jdy C ° nf,rms previ0 - "bser- 
vatoj that annex.n i « incr e ased in injured brain 

sue." W e found thai annexins II and IV were a so 
.ncreased. The ro,e(s) of these annexins in ne "op o 
te.tion has yet to be studied 

nr 0 A h fl N XinS C6rebral VaSCular endothelium are 
probably no. related to special physiological func 
•ons. SU ch as the blood-brain barrier, because rela 
-elyh.ghleve.sofannexins.. „. , V and V. are pre Se n, 
- cultured human umbilical vein endothelial cells - 

exrvnm 5 ^ 6 th3t ^ ^ n0 ' d6teCt S '9- f '"n. 
causenfth ,mmunoreac "^ in the endothelium be- 
cause of the relatively strong react.on in adjacent vas 
cular smooth muscle and neuropil. Our data reg d- 
mg annex.n express.on in cerebrovascular smooth 
muscle agree with a previous report tha« smooth 
muscte cells express annex, V, but no, leZ , ? 

Annexins are widely distributed throughout the 
body and therefore could be involved in pathoohvs, 
o o 9 .cal processes in nonneura, t.ssuesTd p a t 
Annex.n I expression is increased in rat renal tubules 
dunng recovery from ischemia.- support's at 
pomesis that annexins may participateTgenera 
Mar and tissue mechanisms for limiting injuTand 

^^■^^^^^ 

define ITl^ " human "'Campus, may 
mnn , ° expression that are unique or com- 

mon to various types of cells and pathological s.a^ 
suggesting links between sDerifir an™ 
War functions. P anneX,nS and cel " 
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Gerke, Volker, and Stephen E. Moss. Annexins: From Structure to Function. Physiol Rev 82: 331-371, 2002; 
10.1152/physrev.00030.2001. — Annexins are Ca 2+ and phospholipid binding proteins forming an evolutionary conserved 
multigene family with members of the family being expressed throughout animal and plant kingdoms. Structurally, 
annexins are characterized by a highly a-helical and tightly packed protein core domain considered to represent a 
Ca 2 """-regulated membrane binding module. Many of the annexin cores have been crystallized, and their molecular 
structures reveal interesting features that include the architecture of the annexin-type Ca 2+ binding sites and a central 
hydrophilic pore proposed to function as a Ca 2+ channel. In addition to the conserved core, all annexins contain a second 
principal domain. This domain, which NH^errninally precedes the core, is unique for a given member of the family and 
most likely specifies individual annexin properties in vivo. Cellular and animal knock-out models as well as dominant- 
negative mutants have recently been established for a number of annexins, and the effects of such manipulations are 
strikingly different for different members of the family. At least for some annexins, it appears that they participate in the 
regulation of membrane organization and membrane traffic and the regulation of ion (Ca 2+ ) currents across membranes 
or Ca 2+ concentrations within cells. Although annexins lack signal sequences for secretion, some members of the family 
have also been identified extracellularly where they can act as receptors for serum proteases on the endothelium as well 
as inhibitors of neutrophil migration and blood coagulation. Finally, deregulations in annexin expression and activity have 
been correlated with human diseases, e.g., in acute promyelocyte leukemia and the antiphospholipid antibody syndrome, 
and the term annexinopathies has been coined. 



I. INTRODUCTION: OVERVIEW OF THE 
ANNEXIN FAMILY 

Nature has achieved the means to tightly control 
intracellular Ca 2+ concentrations, thereby enabling the 



ion to serve second messenger functions in a variety of 
processes which couple extracellular signals to cellular 
responses. Systems regulating intracellular Ca 2+ levels 
thus are considered part of the intricate Ca 2+ signaling 
network. They include gated Ca 2+ channels and energy- 
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dependent pumps, which are located in organelle mem- 
branes and the plasma membrane, as well as intracellular 
Ca 2+ binding proteins serving as regulated Ca 2+ buffers. 
Other classes of Ca 2+ binding proteins participate more 
directly in Ca 2+ signaling as they display altered proper- 
ties in response to Ca 2+ binding. Annexins can be consid- 
ered a subgroup of the latter, although their precise po- 
sition within Ca 2+ signaling chains remains elusive. 
Moreover, a growing body of evidence suggests that an- 
nexins can also function in their Ca 2+ -free conformation 
in a hitherto unknown fashion, thereby increasing the 
functional diversity among these proteins. 

The name annexin is derived from the Greek annex 
meaning "bring/hold together" and was chosen to de- 
scribe the principal property of all or at least nearly all 
annexins, i.e., the binding to and possibly holding to- 
gether of certain biological structures, in particular mem- 
branes. The name also has a somewhat historical flavor as 
it takes into account the point that a number of the groups 
who independently of one another discovered annexins 
were in search for such scaffolding or bridging proteins. 
However, initially, i.e., at the date of their discoveries in 
the late 1970s and early 1980s, annexins received diverse 
and unrelated names referring to their biochemical prop- 
erties. These included synexin (for granule aggregating 
protein, Ref. 52), chromobindins (proteins binding to 
chromaffin granules, Ref. 54), calcimedins (proteins me- 
diating Ca 2+ signals, Ref. 199), lipocortins (steroid-induc- 
ible lipase inhibitors, Ref. 85), and calpactins (proteins 
binding Ca 2+ , phospholipid, and actin, Ref. 101). Intensive 
biochemical work, protein and cDNA sequencing, as well 
as gene cloning led to the realization that all such proteins 
identified shared key biochemical properties as well as 
gene structure and sequence features. Hence, the concept 
of a novel multigene family arisen by gene duplication 
was developed and the common name annexin was intro- 
duced to solve the terminology tangle (55). 

By definition, an annexin protein has to fulfill two 
major criteria. First, it must be capable of binding in a 
Ca 2+ -dependent manner to negatively charged phospho- 
lipids. Second, it has to contain as a conserved structural 
element the so-called annexin repeat, a segment of some 
70 amino acid residues. Molecular structures obtained for 
a number of annexins over the past decade helped to 
extend the similarities to the three-dimensional level. 
Moreover, they defined a hitherto unknown structural 
fold, the conserved annexin domain, which is built of four 
annexin repeats packed into a highly a-helical disk, and 
which now is considered to be a general membrane bind- 
ing module. Once clearly defined and advanced by ge- 
nome sequencing work, the annexin family has grown 
steadily in the 1990s, and with the turn of the century, 
now amounts to more than 160 unique annexin proteins 
present in more than 65 different species ranging from 
fungi and protists to plants and higher vertebrates (Fig. 1) 



(202, 204). In this review we summarize the biochemical 
and structural properties of annexins, putting a particular 
emphasis on novel aspects of annexin interactions with 
lipids and other biological ligands. For a detailed discus- 
sion of the canonical annexin properties, their structural 
organization, and intracellular as well as tissue distribu- 
tion, the interested reader is referred to previous reviews 
(51, 97, 244). 

Having accumulated a wealth of biochemical and 
structural knowledge, we are still in need of assigning a 
physiological function to the annexin family as a whole, 
or better, because they are likely to differ, to individual 
annexins. Recent knock-out models, both at the cellular 
and the animal level, as well as the development and use 
of dominant-negative mutant proteins have introduced 
the first direct approaches for analyzing annexin function. 
They underscore the concept of functional diversity 
within the family. Moreover, it has recently become clear 
that certain dysregulations in annexin expression and 
activity can be correlated with human diseases and that 
this has led to the introduction of the term anneocinopa- 
thies. Although we still have to await final proof of a 
direct correlation, we decided to concentrate our review 
on such recent developments leading to the proposal of 
some models concerning annexin function. 

II. BIOCHEMICAL PROPERTIES OF ANNEXINS 
AND THEIR THREE-DIMENSIONAL 
STRUCTURE 

A. Molecular Structures 

1, Structures of annexin protein cores: the conserved 
membrane binding modules 

Each annexin is composed of two principal domains: 
the divergent NH 2 -terminal "head" and the conserved 
COOH-terminal protein core. The latter harbors the Ca 2+ 
and membrane binding sites and is responsible for medi- 
ating the canonical membrane binding properties. An an- 
nexin core comprises four (in annexin A6 eight) segments 
of internal and interannexin homology that are easily 
identified in a linear sequence alignment (for review, see 
Ref. 244). It forms a highly a-helical and tightly packed 
disk with a slight curvature and two principle sides. The 
more convex side contains novel types of Ca 2+ binding 
sites, the so-called type II and type III sites (335), and 
faces the membrane when an annexin is associated pe- 
ripherally with phospholipids. The more concave side 
points away from the membrane and thus appears acces- 
sible for interactions with the NH 2 -terminal domain 
and/or possibly cytoplasmic binding partners (Fig. 2). The 
first structure known for an annexin core was that solved 
by Huber et al. (134) for annexin A5 in 1990. In the 
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Name 



Synonyms/Former name(s) 



Human gene 
symbol 



annexin A1 
annexin A2 
annexin A3 
annexin A4 
annexin A5 
annexin A6 
annexin A7 
annexin A8 
annexin A9 
annexin Aid 
annexjh Alt 
annexin A1 2 
annexin A1 3 

Name 



iipocortin 1, annexin I 
calpactin 1, annexin I) 
annexin III 
annexin IV 
annexin V 
annexin VI 
synexin, annexin VII 
annexin VIII 
annexin XXXI 

annexin XI 
unassigned 
annexin XIII 



Non-human 
gene symbol 



ANXA1 

ANXA2 

ANXA3 

ANXA4 

ANXA5 

ANXA6 

ANXA7 

ANXA8 

ANXA9 

ANXA10 

ANXA11 



ANXA13 \Anxa13l 4 



Organism/Former name Gene symbol 



annexin 89 3 species of insect, annexin IX Anxb9 
annexin B10 4 species oHnsect, annexin X AnxbW 
annexin B1 1 1 species of insect, annexin Anxb11 
annexin B12 Cnidaria, annexin XII Anxb12 
3 species of flatworms, 5 annexins 
10 species of roundworms, 5 annexins 
(including C.elegans annexins XV-XVII.XXX) 



Name 



Organism/Former, name Gene symbol 



Anxal 
Anxa2 
Anxa3 
Anxa4 
AnxaS 
Anxa6 
Anxa7 
Anxa8 
Anxa9 



HUMAN ANNEXINS 
plus 




ANIMAL ANNEXINS without 
HUMAN ORTHOLOGS 



annexin C1 Dictyostefiym and 

Neurospora annexin XIV Anxct 
annexin C2-C5 4 species of fungi/ 

moldsTalveolates Anxc2-c5 



Name 



Organism/Former name Gene symbol 



annexin D.1-D25 



35 species including 
annexin XVlil and 
annexins XXII-XXIX 



Anxd1<f25 



FUNGI/MOLDS and 
CLOSE RELATIVES 



PLANTS 



Name 



Organism/Former name Gene symbol 



annexin E1 
annexin E2 
annexin E3 



Giardia annexin XXI 
Giardia annexin XIX 
Giardia annexin XX 



Anxel 

Ahxe2, 
Anxe3 



□ 



PROTISTS 



fig. 1. The new annexin nomencla- 
ture. The five major annexin groups (A-E) 
are shown, with details of the most ex- 
tensively studied family members. The 
nomenclature is that proposed by Reg 
Morgan and Pilar Fernandez and en- 
dorsed by participants at the 50th 
Harden Conference on Annexins held at 
Wye College, UK, September 1-5, 1999. 
A more extensive list of annexin sub- 
families and species is posted at the Eu- 
ropean annexin web site (http://www24. 
brinkster.com/armexins/). There are several 
important points to note. The vertebrate an- 
nexins (A1-A13) are unlikely to be widely 
represented in invertebrate species. The 
oldest of this group, namely, annexins A7, 
All, and A13, are possible exceptions, and 
an annexin All ortholog has been de- 
scribed in the moWuskAplysia. Within the B 
group, the Caenorhabditis elegans annex- 
ins have yet to be assigned numbers. In the 
C group, the Dictyostelium annexin, origi- 
nally described incorrectly as annexin VII 
(synexin), is now established as being or- 
thologous to the Neurospora annexin. 



meantime, more than 10 crystal structures for annexin 
cores have been described showing a remarkable conser- 
vation of the overall three-dimensional fold. Aspects of 
molecular annexin structures have been reviewed in de- 
tail previously (see, for example, Refs. 133, 178, 305), and 



the purpose of this review is to discuss only recent and 
novel developments in this area. 

Recent findings include the elucidation of the first 
structures of annexins from lower eukaryotes and plants. 
Liemann et al. (177) crystallized the core of annexin CI 




fig. 2. Crystal structure of human annexin A5. The 
ribbon drawing illustrates the highly a-helical folding of 
the protein core that forms a slightly curved disk. Different 
colors were chosen to highlight the four annexin repeats 
that are given in green (repeat I), blue (repeat II), red 
(repeat III), and violet/cyan (repeat IV). The NH 2 -terminal 
domain appears unstructured and extends along the con- 
cave side of the molecule (green). The high and low Ca 2+ 
forms are shown in a superposition revealing the confor- 
mational change in repeat III, which leads to an exposure 
of Trp-187 (violet for the low and cyan for the high Ca 2+ 
form). Bound Ca 2+ are depicted as yellow spheres. [Image 
kindly provided by R. Huber, S. Liemann, and A. Lewit- 
Bentley, as modified from Ref. 178.) 
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from Dictyostelium discoideum, whereas Hofmann et al. 
(127) elucidated the structure of a plant annexin, annexin 
Dll from Capsicum annuum, which revealed not only 
the typical annexin fold but also differences to nonplant 
annexins in annexin repeats I and III and in the membrane 
binding loops. Another recent advance is the introduction 
of benzodiazepine and benzodiazepine derivatives as an- 
nexin ligands and their cocrystallization with annexins. 
The benzodiazepine K201 was first described to bind to 
annexin A5 and inhibit its Ca 2+ channel activity, most 
likely by restraining a hinge movement of the two annexin 
A5 modules formed by annexin repeats I/IV and II/III, 
respectively (149, 150). Other structurally related benzo- 
diazepine compounds have subsequently been identified 
as ligands for various annexins with the interaction being 
based on similar structural principles (126). However, a 
possible pharmacological role of these interactions re- 
mains to be shown. Crystal structure determination and 
biochemical characterization in combination with site- 
directed mutagenesis have also proven powerful in recent 
years in characterizing the contribution of certain resi- 
dues to the overall fold of annexin cores and/or their 
biochemical properties. Conserved arginine residues 
present in the so-called endonexin fold of each homology 
segment, for example, were shown to be crucial for sta- 
bilizing the tertiary structure of annexin A5. On the other 
hand, substitution by alanine of different serine and thre- 
onine residues and the unique tryptophan in the same 
annexin results in altered membrane binding underscor- 
ing the importance of these residues in mediating inter- 
molecular, i.e., annexin-phospholipid, contacts (31, 32). 
Moreover, mutational analysis revealed that the aspartate 
residue at position 226 of annexin A5 participates as a 
molecular switch in a Ca 2+ - and pH-dependent conforma- 
tional change (294). Like many other annexins, annexin 
A4 is a substrate of protein kinase C (PKC), at least in in 
vitro reactions, and Kaetzel et al. (147) have attempted to 
monitor structural changes resulting from this phosphor- 
ylation. They show that replacement by glutamate of the 
PKC acceptor site, threonine-6, causes a release of the 
NH 2 -terminal domain from the protein core indicative of a 
regulatory role in the membrane aggregation displayed by 
this annexin. Annexin B12 has also been subjected to 
detailed scrutiny by mutagenesis involving cysteine sub- 
stitutions for spin labeling purposes (see below) and the 
glutamate at position 105. This residue has been found to 
participate in the formation of intermolecular Ca 2_H bind- 
ing sites in a hexameric form of the molecule (185), and 
replacement of Glu-105 by lysine stabilizes this hexamer 
by favoring extensive hydrogen bonding (35). 

Recently, techniques other than crystallization of the 
soluble proteins have been introduced to study in detail 
structural properties of annexins, in particular when 



bound to membrane or phospholipid surfaces. They in- 
clude cryoelectron microscopy, which led to the identifi- 
cation of highly structured junctions formed by different 
annexins between opposing membranes (167), and 
atomic force microscopy (AFM), which enabled the high- 
resolution analysis of two-dimensional crystals of an- 
nexin A5 formed on planar lipid bilayers (248, 249). Two- 
dimensional crystals of annexin A6 formed on artificial 
lipid monolayers were also obtained and characterized 
recently, revealing an intrinsic flexibility of this eight- 
annexin repeat-containing molecule. Here the two lobes 
of annexin A6, i.e., repeats I-IV and V-VIII, respectively, 
were found to bind to the phospholipid in both parallel or 
antiparallel orientation, with the latter providing a struc- 
tural basis for membrane cross-linking (6). Evidence for 
conformational changes occurring in annexins upon 
membrane binding was obtained by analyzing membrane- 
bound annexin A5 with transmission and internal reflec- 
tion infrared spectroscopy. Interestingly, it was inferred 
from these studies that a new /3-structure with interstrand 
hydrogen bonds oriented parallel to the membrane sur- 
face is formed upon interaction with a lipid monolayer. 
On the other hand, analyses of two-dimensional crystals 
of the same annexin on membrane surfaces by high- 
resolution electron microscopy and AFM, and crystal 
structure analysis of a cross-linked form of annexin A2 
capable of binding membranes, do not provide evidence 
for substantial conformational alterations accompanying 
the canonical Ca 2+ -dependent membrane binding (26, 29, 
229, 248). Relatively subtle changes, however, might oc- 
cur. These include the exposure of the unique tryptophan 
in repeat 3 of annexin A5 observed in high Ca 2+ (47, 174). 
Thus, despite the wealth of structural information on 
soluble as well as membrane-bound annexins, it is not 
clear whether the peripheral and Ca 2+ -dependent mem- 
brane binding of annexins as a whole, or individual an- 
nexins, requires or is accompanied by conformational 
changes. Moreover, the structural basis of (possible) 
membrane insertions of annexins triggered by certain 
environmental changes like hydrogen ion concentration 
(see below) need to be described in more detail, possibly 
also by integrating into such analyses the characterization 
of folding properties of individual annexin repeats such as 
the first repeat of annexin Al (49, 94). 

2. Structures of the unique NH 2 -terminal annexin 
domains and their complexes with protein ligands 

Molecular details of the three-dimensional folds of 
annexin molecules are mostly restricted to the protein 
core domains (see above) and unique NH 2 -terminal re- 
gions of the smaller annexins containing NH 2 -terminal 
sequences of 16 or fewer residues. In these structures, the 
NH 2 -terminal sequences extend along the concave side of 
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the molecule partially engaged in hydrophobic interac- 
tions with the protein core. In annexin A3, a direct effect 
of the NH 2 -terminal domain on properties displayed by 
the core has been shown by replacing Trp-5 (in the unique 
NH 2 -terminal sequence) by alanine. The W5A mutant pro- 
tein shows a much stronger phospholipid binding, and 
although having a similar overall structure has a more 
disordered NH 2 -terminal domain. Interestingly, through 
urea-induced denaturation analysis, it became apparent 
that the NH 2 -terminal domain, even though comprising 
only 16 residues, unfolds separately from the protein core 
(128). Thus it appears that the short NH 2 -terminal do- 
mains of the smaller annexins, located on the concave 
side of the folded molecule, affect the Ca 2+ -dependent 
phospholipid binding executed by the convex, or oppo- 
site, side possibly through stabilizing or destabilizing 
slightly different conformations of the molecule. This un- 
derscores the regulatory importance of even the small 
NH 2 -terminal domains, a notion that had previously been 
postulated due to the presence of sites for posttransla- 
tional modifications in these regions (see below). More- 
over, the finding that subtle differences in the NH 2 -termi- 
nal sequence, which do not affect the overall structure, 
result in significantly altered properties could at least in 
part explain functional diversity among otherwise highly 
conserved annexins. 

Recently, the first complete structure of a longer 
annexin, annexin Al, has been determined at high reso- 
lution (255). Annexin Al has an NH 2 -terminal domain of 
40 residues, the first 10-14 of which represent the binding 
site for a protein ligand of the S100 family, S100A11 (188, 
273). Interestingly, in the Ca 2+ -free crystals of annexin 
Al, this NH 2 -terminal sequence forms an amphipathic 
a-helix and replaces a helix in the tightly packed core 
domain (helix D of repeat III), which in turn is unwound 
and partially extrudes from the protein surface (255). 
Such a structure could have interesting mechanistic and 
regulatory consequences. Given the tight internal packing 
of the NH 2 -terminal helix, one would assume that this 
sequence is not available for S100A11 binding in Ca 2+ -free 
annexin Al. However, upon Ca 2+ -dependent membrane 
binding, the D helix of repeat III could be forced back into 
the position described for the Ca 2+ -loaded annexin Al 
core (335), thereby freeing the NH 2 -terminal helix and 
enabling this sequence to interact with S100A11. More- 
over, such movement could be the prerequisite for the 
membrane aggregation activity described for annexin Al, 
e.g., by making accessible a second membrane binding 
site or a site for homophilic annexin 1 interaction (for a 
hypothetical model see Fig. 3). Thus, in the case of an- 
nexin Al, Ca 2+ could have a dual regulatory function. 
First, it could trigger membrane attachment through the 
convex side of the molecule, and second, by inducing the 
switch of helix D, it would enable the membrane-bound 



protein to interact with cellular protein ligands (S100A11) 
and/or a second membrane surface. In this respect, it is 
interesting to note that thermodynamic analyses revealed 
cooperativity in the binding of Ca 2+ to annexin Al (257). 
Finally, the conformational switch postulated by Rosen- 
garth et al. (255) could also modulate the accessibility of 
phosphorylatable residues in the NH 2 -terminal domain of 
annexin Al for their respective kinases (see below), 
thereby guaranteeing a spatially restricted, probably 
membrane-dependent, regulation of annexin Al activities. 

The structure of the very same NH 2 -terminal domain 
of annexin Al comprising residues 1-14 has also been 
solved in complex with its S100A11 ligand. Cocrystals of 
S100A11, a homodimeric protein containing two EF hand- 
type Ca 2+ binding sites, with the NH 2 -terminal annexin Al 
peptide revealed a 1:1 stoichiometiy, with the two pep- 
tides occupying hydrophobic pockets on two opposite 
sides of the S100A11 dimer (246). The structure of the 
complex proved to be very similar to that of the NH 2 - 
terminal sequence of annexin A2 bound to a related S100 
protein, S100A10 (247). In both annexins (Al and A2), the 
first 14 residues form amphipathic a-helices providing the 
binding sites for two ligands of the S100 protein family 
(15, 142, 188, 273). At least in the case of annexin A2, it 
has been shown that the formation of a heterotetrameric 
complex containing the S100A10 dimer and two annexin 
A2 chains significantly alters the properties of this an- 
nexin in vitro and also within cells (for reviews, see Refs. 
97, 330). Importantly, the annexin A2-S100A10 complex 
can aggregate membrane vesicles at micromolar Ca 2+ 
levels, a property not shared with monomeric annexin A2 
or, as a matter of fact, any other annexin. The structure of 
the NH 2 -terminal annexin A2 peptide in complex with 
S100A10, in combination with high-resolution images of 
junctions formed between ac^acent membranes by the 
annexin A2-S100A10 complex, now provides the first de- 
tailed structural explanation of this aggregation activity. It 
appears that due to the highly symmetric nature of the 
structures, the complex links annexin A2-bound mem- 
brane surfaces through the dimerization of S100A10, i.e., 
the two annexin A2 subunits of the membrane-linking 
complex are bound to two separate bilayers with the 
S100A10 dimer connecting them through binding to the 
NH 2 -terminal domains (167, 175, 247). A similar scenario 
could hold true for the annexin A1-S100A11 complex, 
which in contrast to annexin A2-S100A10 requires Ca 2+ 
binding to the S100 protein and probably Ca 2+ /mem- 
brane-bound annexin (see above) for complex formation. 
Nevertheless, we are still in need of high-resolution struc- 
tures of complete annexin A2-S100A10 and annexin Al- 
S100A11 complexes to prove or disprove this attractive 
model, as well as some evidence that the annexin Al- 
S100A11 exists in vivo. 
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no Ca 2 *, no membrane 
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S100A11 site accessible 
P-site(s) accessible 
2nd membrane site accessible 
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fig. 3. Model describing the switch of helix D in the annexin Al structure and its implications for membrane 
aggregation. In the crystal structure of Ca 2+ -free annexin Al (red), the NH 2 -terminal a-helix, which contains the S100A1 1 
binding site (brown), is replacing helix D of the third repeat (255). Ca 2+ -dependent membrane binding could be 
accompanied by a conformational change establishing the Ca 2+ -bound crystal structure of the annexin Al core (335) 
and, most likely, a more accessible NH 2 -terminal domain. As a result, the NH 2 -terminal domain can interact with a second 
membrane surface or the S100A11 dimer, which itself requires Ca 2+ binding to establish an interaction-competent 
conformation. An as of yet hypothetical annexin A1/S100A11 heterotetramer would represent an entity capable of Unking 
membrane surfaces (see text and Ref. 255 for details). 



B. Annexins as Membrane Binding Proteins: 
Canonical and Atypical Properties 

1. Ca 2 * -dependent phospholipid binding and vesicle 
aggregation 

Biochemically, annexins are defined as soluble, hy- 
drophilic proteins that bind to negatively charged phos- 
pholipids in a Ca 2+ -dependent manner (they are Ca 2+ / 
phospholipid binding proteins). This binding is reversible, 
and removal of Ca 2+ by Ca 2+ chelating agents will lead to 
a liberation of annexins from the phospholipid matrix. 
The interaction of annexins with negatively charged phos- 
pholipids observed in vitro is thought to reflect in a more 
physiological scenario the binding to cellular membranes, 
in particular, the cytosolic leaflets of the plasma mem- 



brane and various organelle membranes. This canonical 
annexin property is retained within the annexin cores, the 
conserved annexin modules most likely representing 
building blocks designed for peripheral membrane asso- 
ciation. However, although Ca 2+ -dependent phospholipid 
binding is shared by all annexins, individual members 
differ significantly in their Ca 2+ sensitivity and phospho- 
lipid headgroup specificity. A large number of reports 
analyzing the Ca 2+ -regulated phospholipid binding of an- 
nexins in vitro have been published, and a comprehensive 
overview has been given by Raynal and Pollard (244). 

Although differences in the binding to phospholipids 
with different headgroups (e.g., phosphatide acid, phos- 
phatidylserine, phosphatidylinositol) have long been rec- 
ognized in in vitro studies, it has only recently become 
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clear that annexin cores also show specificity with re- 
spect to their membrane binding in living cells. Through 
expression of chimeric proteins containing different an- 
nexin cores fused to the green fluorescent protein (GFP), 
it was possible to visualize the distribution of such an- 
nexin cores in living cells. Strikingly different distribu- 
tions were observed within a given cell type showing, e.g., 
an endosomal localization for the annexin Al core, an 
association with certain plasma membrane structures for 
the annexin A4 core, and a nonmernbranous, cytosolic 
distribution for the annexin A2 core (245). Such live cell 
experiments have to be extended to reveal annexin dy- 
namics and to circumvent the potential problem that in 
fixed cells annexin distributions could be subjected to 
artifacts due to the presence or absence of Ca 2+ in the 
fixation/permeabilization buffers. Although the annexin 
cores carry specificity with respect to membrane binding, 
an additional layer of such specificity is most likely added 
by the unique NH 2 -terminal domains of the annexins as in 
five cells full-length proteins show distributions often dif- 
fering from the respective cores (73, 196, 245). Moreover, 
it remains to be seen how interactions with other protein 
ligands and posttranslational modifications (see below) 
affect the specific localizations of annexins to certain 
cellular sites. 

Although well described in vitro, the physiological 
importance of Ca 2+ -dependent phospholipid (and mem- 
brane) binding is not understood. However, interesting 
models have been put forward to assign functions to a 
peripherally associated and abundant membrane binding 
protein like, e.g., annexin A5. In situ, annexin A5 can form 
two-dimensional crystals on planar lipid bilayers contain- 
ing negatively charged phospholipids (26, 229, 248, 249). 
Such crystalline or semi-crystalline arrangement will 
most likely affect membrane properties including rigidity, 
fluidity, and lipid segregation and can therefore partici- 
pate in the regulation and/or stabilization of membrane 
domains. Indeed, electron paramagnetic resonance (EPR) 
spectroscopy reveals that Ca 2 *-dependent binding of an- 
nexin A5 to phospholipid vesicles parallels a rigidification 
of the membrane (193). Moreover, it was shown that 
binding of this annexin to the surface of T cells (by an as 
yet unknown mechanism) delays programmed cell death 
most likely by generating a certain (in this case extracel- 
lular) membrane constraint which in turn interferes with 
the release of CD4 + membrane particles (99). On the 
other hand, membrane binding also affects the annexin 
protein, as annexin A5, thermodynamically a marginally 
stable protein (like annexin Al; Refs. 256, 328) is pro- 
tected to a significant degree from thermal denaturation 
by Ca 2 "Vphospholipid binding (338). 

Annexins are not only capable of binding phospho- 
lipid-containing membranes but at least in some cases, 
e.g., annexins Al, A2, A4, A6 and A7, also mediate mem- 
brane vesicle aggregation. Again, phospholipid composi- 



tion and Ca 2+ sensitivity for this aggregation activity dif- 
fer for individual members (for review, see Ref. 244). As 
molecular structures of annexins reveal one Ca 2+ /lipid- 
binding surface (see above), several models have been 
put forward to explain an aggregation activity based on 
the linking of membrane surfaces (see also Ref. 97). One 
proposal, based on the self-association properties of sev- 
eral annexins, is a protein-protein interaction of annexin 
molecules bound to two separate membranes (for re- 
views, see Refs. 51, 244; recent example in Ref 180), A 
second explanation is based on the identification of a 
second membrane binding site in annexin Al (for review, 
see Ref. 97 and also discussion in Ref. 23). A sequence in 
the unique NH 2 -terminal domain of annexin Al, residues 
24-35, constitutes a crucial part of this second binding 
domain and when fused to the core of annexin A5 can 
confer membrane aggregation activity to this otherwise 
inactive annexin (40). In contrast to the Ca 2+ -dependent 
primary membrane binding via the annexin Al core, the 
secondary binding is mainly hydrophobic in nature, and it 
appears that lateral aggregation of annexin Al molecules 
bound to one membrane surface precedes the aggregation 
mediated through the secondary binding site (24). Inter- 
estingly, recent crystal structure determination of full- 
length annexin Al suggests that the NH 2 -terminal domain 
of this annexin only becomes fully accessible when the 
protein core is linked to a membrane surface via its 
Ca 24 7phospholipid binding sites (255). This could indicate 
that the second (NH 2 -terminal) membrane binding site in 
annexin Al is dormant in the cytosolic protein and only 
becomes activated when the protein associates with 
membranes. A third alternative of aggregation activity is 
probably realized in annexin A6, the only member of the 
family identified so far with eight instead of four annexin 
repeats. Here a duplication of the core domain has gen- 
erated a second Ca 2+ -dependent phospholipid-binding 
module, thus allowing for two spatially separated mem- 
brane interactions (6). Yet another route is taken by an- 
nexin A2 and possibly also other annexins capable of 
interacting with dimeric protein ligands of the S100 family 
(see below). The NH 2 -terminal domain of annexin A2 
harbors a highly specific binding site for the small dimeric 
S100 protein S100A10, with protein-protein interaction 
leading to the formation of a heterotetrameric complex. 
In this complex, two annexin A2 molecules are nonco- 
valently linked via a S100A10 dimer bound to their NH 2 - 
terminal domains, thereby generating an entity capable 
of binding simultaneously to two membrane surfaces 
through the two annexin A2 cores (175). Thus it appears 
that although several annexins mediate membrane-mem- 
brane contacts, the way this is achieved differs from 
member to member. This could explain the different Ca 2+ 
concentrations required by different annexins for half- 
maximal vesicle aggregation (for review, see Ref. 244) and 
also the differing dimensions of annexin-dependent junc- 
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tions observed in high-resolution cryoelectron micros- 
copy of lipid vesicles aggregated by different annexins in 
the presence of Ca 2+ (167). 

2. Ca 2 * -independent lipid binding 

Although Ca 2 *-dependent phospholipid binding re- 
mains the criterion of choice for defining an annexin 
protein biochemically, additional "atypical" lipid binding 
properties have begun to emerge in recent years. These 
properties again vary between the different annexins an- 
alyzed so far, but it appears that the single most important 
parameter regulating Ca 2+ -independent membrane bind- 
ing is the pH value chosen to analyze the interaction. 
Annexin A5, for example, binds to and apparently pene- 
trates the bilayer of phosphatidylserine (PS) vesicles at 
pH 4 (158), and at pH 5 was shown to induce a leakage of 
PS vesicles (124). Both activities are observed in the 
absence of Ca 2+ , whereas at neutral pH Ca 2+ binding to 
the protein appears to be a prerequisite for the lipid 
interaction (158). Most likely, this switch in properties is 
accompanied by a conformational change in the annexin 
A5 molecule, which has been shown to occur between pH 
4.6 and 4 when the acid-induced unfolding of the protein 
was analyzed (16). This change is characterized by sol- 
vent exposure of a unique tryptophan residue in annexin 
A5 (Trp-187), and thus is reminiscent of a Ca 2+ -induced 
exposure of the same tryptophan at neutral pH (192, 
293-296). Conformational changes leading to Ca 2+ -inde- 
pendent phospholipid binding in vitro have also been 
proposed to occur when Ca 2+ sites in annexin 2 were 
inactivated by mutagenesis (79), although such mutations 
interfere with the intracellular membrane localization of 
this and other annexins (145, 245). 

Considerable progress in analyzing Ca 2+ -indepen- 
dent annexin-rnembrane interactions occurring at lower 
pH has come recently through the introduction of site- 
directed spin labeling. By engineering protein mutants 
with unique cysteines and specifically derivatizing these 
cysteines with a paramagnetic nitroxide side chain, the 
groups of Haigler, Langen, and Hubbell (168, 169) were 
able to probe the structure of annexin B12 bound to 
membranes at lower pH. Combined with the use of re- 
agents that selectively and photoactivatably label amino 
acid side chains exposed to the hydrophobic domain of 
the bilayer, they could show that annexin B12 inserts into 
the bilayer of PS/phosphatidylcholine (PC)-containing 
vesicles. This insertion is likely to be accompanied by the 
formation of a continuous transmembrane a-helix. In the 
solution structure of the molecule, this part forms a helix- 
loop-helix motif, and it is tempting to speculate that the 
switch from the helix-loop-helix motif to the transmem- 
brane helix drives a reversible membrane insertion (138, 
168, 169). Based on these observations, Langen et al. (168) 
propose concerted conformational changes in all four 



annexin repeats of annexin B12, which are triggered by 
low pH and involve the formation of several elongated 
transmembrane helices from helix-loop(turn)-helix struc- 
tures found in solution (Fig. 4). As a consequence, the 
entire molecule can assume a transmembrane topology as 
defined by accessibility to proteases present on either 
side of the membrane (289). The pH-dependent switch in 
conformation could be induced by the protonation of 
certain carboxylate residues found in or close to the loop 
of the helix-loop-helix motif, which upon deprotonation 
could drive the protein back to the solution conformation 
(168). Such a model could also hold true for other annex- 
ins, as all have similar solution structures, and its revers- 
ibility could perhaps explain why and how certain annex- 
ins under certain circumstances can span a lipid bilayer. 
The latter could be of particular importance in the case of 
annexins Al and A2, which also appear to have extracel- 
lular activities and for which cell surface receptors have 
been described (see below). At least in the case of annex- 
ins Al and A6, pH-driven membrane insertion has been 
identified (103, 258), although it is not clear whether this 
could lead to membrane translocation. 

In addition to the points discussed above, Ca 2+ -inde- 
pendent membrane associations have also been observed 
for several annexins at neutral pH. Examples for these 
types of Ca 2 ^independent interactions are the associa- 
tion of annexins A2 and A6 with endosomal membranes 
(120, 145, 160, 275), the binding of annexin A2 to A549 cell 
membranes (182), and the interaction of annexin A5 with 
the plasma membrane of platelets (for review, see Ref. 
322). At least in part it appears that such interactions are 
mediated through a binding of the respective annexin to a 
protein ligand that is itself associated with or embedded 
in the cellular membrane. 

C. Nonlipid Annexin Ligands 

1. Annexin complexes with EF hand-type Ca 2+ 
binding proteins 

The EF hand denotes a helix-loop-helix Ca 2+ binding 
motif that is present in a large number of proteins com- 
prising the EF hand superfamily with its distinct subfam- 
ilies (for review, see Ref. 154). Several EF hand proteins, 
in particular those of the S100 subfamily, form complexes 
with members of the annexin family. S100 proteins are 
small (—10 kDa) proteins characterized by two consecu- 
tive EF hands connected by a flexible linker region and 
flanked by unique NH 2 - and COOH-terminal extensions. 
Similar to calmodulin, they are thought to interact with 
and thereby regulate cellular target proteins in a Ca 2+ - 
dependent manner (for reviews, see Refs. 68, 267). Three 
S100 proteins, S100A6, S100A10, and S100A11, were 
shown to bind specifically to three different annexins, 
annexins All, A2, and Al, respectively. The best charac- 
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Membrane insertion 





reversible change in conformation 



fig. 4. Peripheral membrane binding and insertion by an annexin. Two potential interaction states for a monomelic 
annexin molecule with the cytoplasmic leaflet of a hypothetical membrane are shown. The peripherally bound annexin 
on the left assumes the tertiary structure depicted in Figure 2 and has been postulated to increase membrane 
permeability by apposition of its convex upper surface with the lipid bilayer, which in turn has been suggested to lead 
to ion flow. The fully membrane integrated structure on the right is based on that proposed by Langen and co-workers 
(168, 169), after protonation at acidic pH, destabilization of the native a-helical structure, and refolding into the 
seven-transmembrane spanning configuration. Although the proposed structure is obliged to have NH 2 and COOH 
termini on opposing sides of the bilayer, the orientation shown in the figure is arbitrary. 



terized of these annexin-SlOO complexes is the annexin 
A2-S100A10 (pll) heterotetramer. Here it was clearly es- 
tablished that complex formation is highly specific, oc- 
curs in vivo, can be regulated by posttranslational modi- 
fications in the annexin, and modulates properties 
displayed by the isolated subunits (for review, see Ref. 
97). S100A10 is the only member of the S100 family that 
has suffered deletions and mutations in its two EF hand 
loops, rendering the Ca 2+ sites nonfunctional. However, it 
appears that the resulting conformation of the protein 
represents a permanently active state with respect to its 
capacity to bind the annexin A2 target (143, 246, 247). The 
S100A10 binding site on annexin A2 is restricted to the 
NH 2 -terminal 14 residues and peptides corresponding to 
this sequence bind to S100A10 with high specificity and 
affinity. Moreover, such peptides disrupt by competition 
preformed annexin A2-S100A10 complexes and therefore 



can be used as tools for studying complex function (161). 
At least in studies with synthetic peptides, an important 
feature of this binding site is the NH 2 -terminal acetylation 
of the NH 2 -terminal serine residue of annexin A2, a post- 
translational modification occurring with high efficiency 
in eukaryotic cells (15). On the other hand, annexin A2, 
expressed recombinantly in bacteria and lacking the N- 
acetyl group, is also capable of binding pll, although the 
affinity of this interaction has not been compared with 
that of the acetylated protein (151). The apparent discrep- 
ancy in these results remains to be resolved, in particular 
since only an acetylated NH 2 -terminal annexin peptide is 
capable of disrupting the annexin A2-S100A10 heterotet- 
ramer (161). 

Complex formation between annexin Al and 
S100A11 is based on very similar principles, although in 
this case Ca 2+ binding to the S100 protein is required to 



Physiol Rev • vol 82 • april 2002 • www.prv.org 



340 



VOLKER GERKE AND STEPHEN E. MOSS 



establish the interaction-competent form of S100A11 (188, 
246, 273). Moreover, it remains to be established if and 
when this interaction occurs in vivo. In contrast to the 
heterotetrameric annexin A2-S100A10 complexes, stan- 
dard isolation protocols do not yield annexin A1-S100A11 
complexes but only the separated subunits. Likewise, a 
strong colocalization has not been reported so far, al- 
though ectopic expression studies using mutant proteins 
indicate that annexin Al can target S100A11 to endosomal 
membranes in baby hamster kidney (BHK) cells (274). It 
appears likely that the strict Ca 2+ dependence of the 
annexin A1-S100A11 interaction interferes with the visu- 
alization or isolation of complexes once Ca 2+ drops be- 
low a certain threshold within the cells or during isola- 
tion. On the basis of the high structural similarity of the 
annexin A2-S100A10 and annexin A1-S100A11 complexes, 
it is likely that both are heterotetrameric entities with the 
capacity of linking membrane surfaces in a symmetric 
manner (see Fig. 3 for annexin Al). While the former 
complex is known to exist in resting cells irrespective of 
cellular Ca 2+ transients (but perhaps regulated by PKC 
phosphorylation in the NH 2 -terminal sequence of annexin 
A2; Ref. 144), the latter is probably dependent on (per- 
haps locally restricted) Ca 2+ rises and could be of impor- 
tance during Ca 2+ -regulated membrane transport events. 

The third annexin-SlOO protein interaction described 
to date is that between annexin All and S100A6 (312). 
Although the S100 binding site in annexin All is also 
located in the NH 2 -terminal domain (303, 311), the mode 
of complex formation is likely to be different. Annexin 
All contains a long NH 2 -terminal domain of almost 200 
residues rich in glycine, tyrosine, and proline residues, 
which resembles that of annexin A7 and possibly lacks a 
well-ordered three-dimensional fold (177), or contains 
segments with pro-|3-helices (190). However, sequences 
within the NH 2 -terminal domain of annexin All do not 
resemble the amphipathic helices found in annexins Al 
and A2 and thus are unlikely to fit in a homologous 
manner in a binding pocket formed by the SI 00 dimer. 
The physiological consequences of the annexin All- 
S100A6 interaction remain to be established, although it is 
interesting to note that only one NH 2 -terminal splice form 
of annexin All can interact with S100A6 at least in vitro 
(302). Other annexin-SlOO interactions have been de- 
scribed, e.g., that of annexin A6 with S100A1 and S100B 
(96), but the structural basis and physiological signifi- 
cance of such complexes is less well defined. The reader 
is referred to the S100 literature for further detail (e.g., 
Ref. 68). 

In contrast to S100 proteins, sorcin is a member of 
the EF hand superfamily containing four and not two of 
the helix-loop-helix motifs. It binds in a Ca 2+ -dependent 
manner to the GYP-rich NH 2 -terminal domain of annexin 
A7 (28) with the NH 2 -terminal domain of sorcin being 
required for the interaction (327). Complex formation can 



recruit sorcin to the membrane of chromaffin granules, 
which are a prime site of annexin A7 localization. More- 
over, binding of sorcin inhibits the chromaffin granule 
aggregation mediated by annexin A7 (28), thus underscor- 
ing the regulatory importance of complex formation. The 
common picture emerging from the interaction analyses 
is that it is most likely to be the annexins that are affected 
in their properties by EF hand protein binding, rather than 
the other way round. Although the structural basis of the 
interaction probably differs between the different com- 
plexes, a common feature is the importance of the NH 2 - 
terminal annexin domain for binding. Protein binding to 
this unique domain in the respective annexin can have a 
number of consequences ranging from the establishment 
of a different physical entity capable of interconnecting 
membranes (see, for example, Fig. 3) to a protein com- 
plex with altered biochemical properties. 

2. Annexin interactions with cytoskeletal proteins 

A number of annexins have been described as cy- 
toskeleton, in particular F-actin, binding proteins, and it 
has been suggested that at least some members of the 
family could participate in regulating membrane-cytoskel- 
eton dynamics. Here we do not survey the entire literature 
in this area but only focus on recent developments. For an 
overview of the earlier literature, the reader is referred to 
previous reviews (97, 244). 

Annexin Al binds to F-actin and also interacts with 
profilin, a G-actin binding protein and regulator of actin 
polymerization. Complex formation between annexin Al 
and profilin modifies the profilin effect on actin polymer- 
ization. Because of the partially overlapping intracellular 
localization of the two proteins, it is tempting to speculate 
that the annexin Al-profilin interaction participates in 
regulating the membrane-associated cytoskeleton (2). In 
addition to this interaction with a protein involved in actin 
cytoskeleton dynamics, some colocalization of annexin 
Al with tubulin and cytokeratin-8 has also been reported. 
In A549 human lung adenocarcinoma cells, striking 
patches of annexin Al immunolabeling are found at the 
plasma membrane, which are also positive for these two 
cytoskeletal proteins (313). It is not clear, however, 
whether this colocalization reflects a functional inter- 
action. 

Annexin A2 is another F-actin binding annexin that 
also has a Ca 2+ -dependent filament bundling activity. This 
bundling activity is particularly pronounced in the case of 
the heterotetrameric annexin A2-S100A10 complex (for 
review, see Refs. 97, 330). Recently, the F-actin binding 
site has been mapped to the COOH terminus of annexin 
A2, underscoring the specificity of the interaction (80). 
Annexin A2 is not associated with stress fibers or cyto- 
plasmic actin filaments but appears to play a role in the 
organization of membrane-associated actin at sites of cho- 
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lesterol-rich membrane domains. Evidence for this view is 
severalfold. In the presence of Ca 2+ , annexin A2 binds to 
and possibly promotes the lateral association of glyco- 
sphingolipid- and cholesterol-rich lipid microdomains 
(rafts) (8, 119). It has been proposed that in smooth 
muscle cells this association promotes the binding of 
annexin A6, which itself mediates the formation of a 
reversible membrane contact with the actin cytoskeleton 
(8, 9). On the other hand, annexin A2 could also carry out 
this task by itself or in conjunction with other actin 
binding proteins, since cholesterol-sequestering agents 
specifically release annexin A2 together with the cortical 
cytoskeletal proteins a-actinin, ezrin, and actin from 
membranes of BHK and endothelial cells (120; J. Konig 
and V. Gerke, unpublished observations). Moreover, ex- 
pression in epithelial cells of a mutant annexin A2 protein 
causing the submembraneous aggregation of annexin A2 
and its ligand S100A10 results in the simultaneous aggre- 
gation of a transmembrane raft protein (CD44) and a 
redirection of actin bundles toward these clusters (216). 
Thus, due to its Ca 2+ -dependent membrane and F-actin 
binding and its intracellular location at sites of membrane 
rafts, annexin A2 could serve as an organizer of these 
membrane microdomains and their connection to the ac- 
tin cytoskeleton. 

Annexin A5 has been observed to relocate to the 
cortical membrane cytoskeleton after activation of plate- 
lets. This relocation appears to involve both binding to the 
plasma membrane and to a specific actin isoform, -y-actin, 
and is paralleled by an association with the platelet mem- 
brane of cytosolic phospholipase A 2 , suggesting an inter- 
action between this phospholipase and annexin A5 (319- 
321). Annexin A6, another actin-binding annexin, has 
been implicated in mediating in a Ca 2+ -dependent manner 
membrane-cytoskeleton contacts in smooth muscle cells 
(9). Spectrin is another binding partner of annexin A6 in 
the cortical cytoskeleton. Because annexin A6 promotes a 
cysteine protease-dependent type of budding of clathrin- 
coated vesicles at the plasma membrane, it has been 
proposed that the protein participates in disconnecting 
the clathrin lattice from the spectrin membrane cytoskel- 
eton during the final stages of coated pit budding (148). 
With the exception of annexin A2 (98), it is not known 
whether other annexins share this spectrin binding prop- 
erty. In addition to the family members mentioned above, 
F-actin binding annexins have recently also been identi- 
fied in the killifish medaka (297) and in plants (131), 
although their functional roles in these organisms have 
not been addressed so far. 

3. Other ligands 

In addition to Ca 2+ , phospholipid, EF hand type pro- 
teins, and cytoskeleton-associated proteins, a number of 
other annexin ligands ranging from proteins to RNA and 



smaller molecules have been described. An account of 
such binding partners is given in previous reviews (97, 
244), and only the most recent findings are summarized 
here. Moreover, this section primarily focuses on intra- 
cellular binding partners, whereas extracellular protein 
ligands are discussed when we review extracellular activ- 
ities of annexins (see sect. ivC). 

Annexin protein ligands other than the ones summa- 
rized above include the cytosolic phospholipase A 2 , which 
interacts with annexin Al (156) and the pl20 Ras GTPase 
activating protein (GAP), which through its C2 domain 
binds to annexin A6 (60). Within annexin A6, the binding 
site has been mapped to the unique linker region connect- 
ing the two four-repeat lobes of the protein (44). This 
region is not found in other annexins, thus emphasizing 
the specificity of the interaction. Recently, two protein 
kinases, Fyn (a src kinase family member) and Pyk2 (a 
member of the focal adhesion kinase family), have also 
been found in the annexin A6-pl20GAP complex, indicat- 
ing that annexins could also participate in certain signal- 
ing events (43). A link between annexin A6 and signaling 
has also been inferred from its association with activated 
PKC-a, which was described in skeletal muscle (272). 
Another binding partner for annexin A6 was identified in 
clathrin-coated vesicles isolated from adrenocortical tis- 
sue. In a subpopulation of these vesicles, which also 
contain the transferrin receptor, annexin A6 tightly asso- 
ciates with the GTPase dynamin known to participate in 
the pinching off of clathrin-coated endocytic vesicles 
(318). In the vesicle preparations, annexin A2 was shown 
to bind to a yet unidentified 200-kDa protein, suggesting 
that these two annexins could participate in defining spe- 
cific protein-lipid interaction domains during endocytosis 
(see also below). A similar function has been suggested 
for annexin A 13, which interacts with the C2 domain of 
the Nedd4 ubiquitin protein ligase, thereby participating 
in the apical membrane targeting of Nedd4 in polarized 
epithelial cells (231). Annexin A13 exists in two NH 2 - 
terminal splice variants, a and b, with 13b being specifi- 
cally targeted to the apical transport vesicles also con- 
taining raft components (see below). The binding of 
annexin A13 to Nedd4 was initially identified in a yeast 
two-hybrid screen and a number of annexin-protein inter- 
actions, e.g., that of annexin A5 with the intracellular 
domain of the vascular endothelial growth factor (VEGF) 
receptor Flk-1 (334), have been reported using similar 
approaches. Interestingly, in all cases reported it has been 
the protein ligand and never the annexin that was used as 
the bait in the initial screen. 

Some annexins have also been shown to bind to 
other cellular macromolecules. Annexins A2, A4, A5, A6, 
and the Caenorhabditis elegans protein annexin B7 inter- 
act with carbohydrates, in particular glycosaminoglycans, 
and in some cases the binding sites have been mapped to 
certain regions within the respective annexin molecule 
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(83, 139, 152, 159, 265). These interactions are likely to 
come into play when annexins are present extracellularly, 
but their functional significance remains to be proven. 
Nucleic acids comprise yet another class of macromole- 
cules reported to bind to annexins in a Ca 2+ -dependent 
manner. Whereas annexin Al interacts with purine-rich 
RNA and pyrimidine-rich DNA, annexin A2 has been 
found associated with mRNA of a distinct polysomal sub- 
population (123, 326). It is not known whether and how 
annexin binding affects stability or functional state of the 
mRNAs, e.g., in terms of translation efficiency. However, 
because of the sequence specific binding (A. Vedeler, 
personal communication) and the fact that annexins Al 
and A2 are also actin binding proteins, it has been spec- 
ulated that the annexin proteins participate in the intra- 
cellular positioning of certain mRNAs via an interaction 
with both the mRNA and the actin cytoskeleton. Single 
nucleotides binding to certain annexin proteins have also 
been described in recent reports. While ATP binds to 
annexins Al (118) and A6 (for review, see Ref. 11), an- 
nexin A7 not only interacts with but also catalyzes the 
hydrolysis of GTP (34). This latter observation led to the 
suggestion that annexin A7 acts as an atypical G protein 
involved in mediating the Ca 2+ /GTP signal during exocy- 
totic membrane fusion (34). However, although GTP and 
GDP were present in immunoprecipitates of annexin A7 
from permeabilized chromaffin cells, the ratio of GTP to 
GDP was apparently not influenced by Ca 2+ , raising ques- 
tions as to how the GTPase activity might be regulated in 
vivo. Clearly, further work is required to improve our 
understanding of how annexins interact with nucleotides, 
especially as annexins lack a consensus nucleotide bind- 
ing site. In this context, the three-dimensional structures 
of annexins complexed to nucleotides will be particularly 
informative, together with the identification of proteins 
that might modulate any catalytic activity ascribed to 
annexins, such as the activator proteins, dissociation in- 
hibitors, and exchange factors that collectively regulate 
other GTPases. 

D. Modulation of Annexin Properties 
by Posttranslational Modifications 

Annexins are long known to be targets for posttrans- 
lational modifications. In fact, annexin A2 was initially 
isolated as a major v-src protein kinase substrate, and the 
tyrosine kinase activity of the epidermal growth factor 
(EGF) receptor has long been known to phosphorylate 
annexin Al (see previous reviews, Refs. 51, 97, 111 and 
also Ref. 259 for an overview). More recently, additional 
phosphorylations by signal transducing kinases of these 
and other annexins have been reported with at least some 
of them affecting annexin properties. Other tyrosine ki- 
nases recognizing annexins Al and A2 as substrates are 



those associated with the platelet-derived growth factor 
(PDGF) receptor, the hepatocyte growth factor/scatter 
factor, and the insulin receptor (for review, see Ref. 259). 
In the latter case, annexin A2 only undergoes insulin- 
triggered tyrosine phosphorylation when receptor inter- 
nalization is occurring (22). To some extent, this mimics 
the tyrosine phosphorylation of annexin Al upon activa- 
tion and internalization of the EGF receptor and indicates 
that both annexins and their phosphorylation are mecha- 
nistically linked to the internalization/endocytic sorting of 
certain ligand bound receptors (see also below). Although 
these phosphorylations are known to occur in vivo, their 
physiological consequences have not been established. In 
vitro or in situ studies, however, have revealed alterations 
in the Ca 2+ /membrane binding of annexins Al and A2 
phosphorylated at Tyr-20 (by the EGF receptor kinase, 
Ref. 61) and Tyr-23 (by the src kinase, Ref. 102), respec- 
tively. Tyrosine phosphorylated annexin Al is more sus- 
ceptible to NH 2 -terminal proteolysis, thus showing altered 
phospholipid vesicle binding and aggregation activities 
(for review, see Ref. 111). Moreover, in contrast to the 
nonphosphorylated form, it requires Ca 2+ for the associ- 
ation with the membrane of multivesicular endosomes 
(92). In the case of annexin A2, tyrosine phosphorylation 
decreases its affinity for phospholipids and interferes 
with capability of the annexin A2-S100A10 complex to 
aggregate chromaffin granules at micromolar Ca 2+ con- 
centrations (132, 236). A mutual influence of Tyr-23 phos- 
phorylation and phospholipid binding is also corrobo- 
rated by the finding that phosphorylation of annexin A2 by 
pp60 src is significantly enhanced when the protein is 
bound to PS containing vesicle (17). Recently, annexins 
A7 and All were also described to be phosphorylated on 
tyrosine residues, in this case in rat vascular smooth 
muscle cells in response to PDGF. In vitro both annexins 
are also phosphorylated by the Ca 2+ -dependent tyrosine 
kinase Pyk-2, the src tyrosine kinase, and the EGF recep- 
tor kinase, but the physiological consequences of these 
phosphorylations have not yet been described (91). 

A number of serine/threonine kinases that phosphor- 
ylate annexins have also been described. Phosphorylation 
sites again reside in the unique NH 2 -terminal domains of 
the annexins, and the modifications in some cases have 
been shown to affect biochemical properties of the an- 
nexins, in particular their affinity for Ca 2+ /phospholipid 
(already reviewed in Refs. 97, 244). PKC, for example, has 
long been known to phosphorylate a number of annexins, 
with annexin A5 being a remarkable exception as it can 
serve as a PKC inhibitor (261). The strongest evidence for 
PKC phosphorylation regulating annexin activities in cells 
has accumulated in the case of annexin A2 and its involve- 
ment in Ca 2+ -regulated exocytosis in adrenal chromaffin 
cells. Here, nicotine stimulation leads to annexin A2 phos- 
phorylation by PKC with activation of PKC being a pre- 
requisite for regulated exocytosis (63, 263). A link be- 
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tween secretion and PKC phosphorylation has also been 
obtained recently in the case of annexin A7, with PKC 
phosphorylation activating the Ca 2+ -dependent mem- 
brane fusion displayed by this annexin (33). Other kinases 
acting on annexins are casein kinase I, which phosphor- 
ylates annexin A2, and a yet to be defined histidine- 
specific kinase which phosphorylates annexin Al (95, 
208). Recent evidence for a participation in intracellular 
signaling has been obtained for annexin Al, whose ex- 
pression levels have been coupled to regulation of the 
extracellular signal-regulated kinase (ERK) pathway in 
RAW macrophages (1). 

As pointed out above, annexin phosphorylation often 
results in an altered susceptibility toward proteolysis. 
Although this could be considered a mere indication of a 
conformational change, it could also reflect an important 
intracellular consequence of the posttranslational modifi- 
cation directly linked to altered properties displayed by 
the modified annexin. Cleavage generally occurs in the 
unique NH 2 -terminal annexin domain with the resulting 
NH 2 -terminally truncated molecule showing, as revealed 
in particular for annexins Al and A2, an altered sensitivity 
toward Ca 2+ /phospholipid (for review see Refs. Ill, 244) 
and a different intracellular location (245, 275). In addi- 
tion, it appears at least in the case of annexin Al that 
NH 2 -terminal cleavage by an intracellular protease can 
occur without prior phosphorylation and can thus itself 
be considered the regulatory event. This has been shown 
in human neutrophils where removal by a membrane 
localized metalloprotease of the NH 2 -terminal eight resi- 
dues of annexin Al results in a protein species with a 
decreased Ca 2+ requirement for binding to secretory ves- 
icles and the plasma membrane, an event possibly linked 
to the exocytosis of different vesicle populations (206, 
207). In annexin A2, another recently observed modifica- 
tion is a 5-glutathiolation of Cys-8 in the NH 2 -terminal 
domain, which is observed after oxidative stress, e.g., in 
tumor necrosis factor (TNF)-a-treated cells (304). Modi- 
fication of this cysteine, which is located in the S100A10 
binding sequence, does not affect the interaction with 
S100A10 (143). On the other hand, a general cysteine 
modification of the annexin A2-S100A10 complex by N- 
ethylmaleimide (NEM), which most likely also affects 
Cys-8, strongly inhibits the ability of the complex to ag- 
gregate lipid vesicles (282). It is not clear whether cys- 
teine residues participate directly in the aggregation ac- 
tivity or whether their derivatization interferes with 
certain conformational changes in the molecule required 
for the activity. However, as annexin A2 has been impli- 
cated in membrane trafficking events possibly requiring 
its aggregation activity (see below), NEM, which is fre- 
quently used as an inhibitor of membrane fusion, could 
also affect annexin A2. 

Hence, a variety of posttranslational modifications on 
annexins which also include the AT-myristoylation of an- 



nexin A13a and -b (77, 336) have been described, with 
most of them affecting the Ca 2+ and/or membrane binding 
properties of the molecules and thus their most probable 
intracellular activity. Future analyses have to reveal how 
these modifications are mechanistically linked to the dif- 
ferent annexin functions. 

III. MOLECULAR EVOLUTION OF THE 
ANNEXIN FAMILY AND REGULATION 
OF ANNEXIN GENE EXPRESSION 

Ever since annexins were first reported in the litera- 
ture they have been categorized as a structurally con- 
served family of Ca 2+ binding proteins. The structural 
conservation remains a defining characteristic, but the 
discovery of human annexins A9 and A10 (201, 204) pro- 
vides what appear to be exceptions to the unifying ability 
of annexins to bind Ca 2+ . Nevertheless, the conservation 
of annexin primary structures extends throughout multi- 
cellular eukaryotic species, and the abundance of annexin 
sequences provides unique insights not only into the evo- 
lution of the annexin gene family, but also genetic molec- 
ular evolution in a broader sense. For readers seeking 
detailed accounts of annexin evolution, there are several 
excellent recent articles (203, 200, 204); here we focus on 
the major features of annexin phylogeny and ask whether 
or not functional insight can be gained by examination of 
molecular relationships between annexins. 

A. Molecular Phylogeny of Annexins 

Annexins have been described in most eukaryotic 
organisms, with the exception of those yeasts for which 
genomic sequences are available. The absence of recog- 
nizable annexin-like sequences in Saccharomyces cerevi- 
siae had been anticipated by a number of investigators in 
the field who had used both biochemical and molecular 
genetic screens in what ultimately proved to be unfruitful 
searches for yeast annexins. Nevertheless, given the ge- 
netic diversity of yeasts, it remains possible that an an- 
cestral eukaryotic annexin will be discovered in certain 
yeast species. 

The simplest organisms known to express annexins 
are the protist Giardia lamblia and the fungus Neuro- 
spora crassa. The existence of at least three annexins in 
the protist is surprising given the simplicity of the organ- 
ism and that more sophisticated multicellular eukaryotes 
such as Hydra vulgaris and Dictyostelium discoideum 
have at most one or two annexins. A long-running ques- 
tion in annexin evolution is whether any of the annexins 
discovered in these primitive organisms represents the 
ancestor of the modern vertebrate annexins. Early studies 
describing the D. discoideum annexin as a direct ortholog 
of vertebrate annexin A7 (106) now appear to be incor- 
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rect However, the D. discoideum annexin does occupy 
an interesting niche in annexin evolution. The D. discoi- 
deum and N. crassa annexins share —40% amino acid 
sequence identity, which given their evolutionary distance 
suggests they may be orthologs. Indeed, this annexin has 
now been discovered in the oyster mushroom and potato 
fungus (R. Morgan and M. Fernandez, personal commu- 
nication), suggesting the evolutionary segregation of this 
annexin to this group of organisms. 

A second mayor group of annexins distinct from the 
vertebrate cohort have been described in plants (64). 
Plant annexins are characterized by their lack of variable 
NH 2 -terminal domains and, at least in modern flowering 
plants, by the absence of type II Ca 2+ binding sites in 
repeats 2 and 3. Thus, from an evolutionary viewpoint, 
plant annexins have evolved in quite distinct ways to 
those in the animal phyla. The position of the fungal and 
mold annexins relative to either the animal or plant king- 
doms is unclear, but sequence identity of —40% between 
D. discoideum annexin CI and human annexin All raises 
the possibility that the former is a direct ancestor of the 
latter. Analysis of the structure of the annexin All gene 
(10) revealed it to be the common ancestor of up to nine 
descendent annexins (Al, A2, A3, A4, A5, A6, A8, A9, and 
A10), indicating that at the time of the early chordate 
radiation 500-600 million years ago the first vertebrate 
genomes probably contained the genes for only three 
annexins, namely, annexins A13, A7, and All. Exon splic- 
ing patterns within the core tetrads of annexins A13, A7, 
and All support the idea that All is a descendent of A7 
and that this in turn evolved from A13. However, or- 
thologs of annexins A7, All, and A13 have not been 
formally identified in any nonvertebrate species, and any 
direct lineage between annexins in organisms such as 
D. discoideum and vertebrates remains conjectural. 

A final point of interest to emerge from studies on the 
molecular evolution of the annexins concerns the origins 
of annexin A6. This annexin is unique within the family in 
that it comprises two of the tetrad repeats found in all 
other annexins. The two tetrads are joined by a short 
linking sequence, and it was previously hypothesized that 
annexin A6 was formed by tandem duplication and fusion 
of a single tetrad (285, 286). Because the 5'-tetrad of 
annexin A6 is most closely related to annexin A5, it was 
proposed that the progenitor of this duplication event was 
the 5'-tetrad. However, the recent discovery and analysis 
of the annexin A10 gene provides an alternative and much 
more persuasive explanation for the origins of annexin A6 
(204). First, annexin A10 has greater similarity to the 
3 '-tetrad of annexin A6 than the two halves of annexin A6 
have to one another, and significantly, an unusual single 
codon deletion near the start of repeat three is present in 
both annexin A10 and the 3'-tetrad of annexin A6. These 
and other phylogenetic data suggest that the two four- 
repeat annexins A5 and A10, which are located on human 



chromosome 4q26 and 4q33, respectively, may have du- 
plicated and fused to form the 5'- and 3'-lobes of annexin 
A6 early in chordate evolution. 

Collectively, these phylogenetic studies enable us to 
put the annexins into a meaningful evolutionary context, 
but they tell us little about annexin function. Because the 
invertebrate and plant annexins do not have mammalian 
orthologs, analysis of annexin function in these simpler 
organisms may yield little information about the functions 
of the vertebrate family. Despite the difficulty in extract- 
ing functional insight from phylogenetic analysis, the fact 
that the family of 12 mammalian annexins have been 
tightly conserved over several 100 million years suggests 
that these proteins do indeed have important physiologi- 
cal roles. 

B. Gene Structures 

1. Conservation of genomic structure in the annexins 

The structural organization of annexin genes is 
highly conserved, at least with regard to the positions of 
intron-exon boundaries (286). Most four-repeat annexins 
comprise 12-15 exons, the variation depending in large 
part on the length of the NH 2 -terminal domains. Thus 
annexins A7 and All have long NH 2 termini encoded by 
up to six exons, whereas annexin A5 has a short NH 2 
terminus encoded by two exons. For several annexins, 
particularly those with long NH 2 termini, alternative splic- 
ing adds to the diversity of annexin isoforms, which may 
in turn amplify functional variability within the family as 
a whole. Annexin A6, which has a duplicated tetrad core 
and therefore 8 conserved repeats, comprises 26 exons 
and is the largest annexin gene extending over —60 kb 
(285). Within the conserved repeats, the tendency is for 
intron sizes to be considerably smaller than for those 
introns that lie between the first two or three exons. In 
many mammalian annexin genes, the first two or three 
introns are frequently 10 kb or more, whereas introns 
within the tetrad core are often <1 kb. Almost all alter- 
native splicing of annexin RNA transcripts occurs within 
exons that encode the variable NH 2 termini. Given that 
annexin NH 2 termini contain binding motifs for protein 
partners and sites for posttranslational modifications, al- 
ternative splicing in these domains may contribute to the 
regulation of annexin function. Perhaps the best-charac- 
terized exception to this general rule is the alternative 
splicing of exon 21 in the seventh repeat of ANXA6. 
Exclusion of this 18-nucleotide exon gives rise to the 
characteristic appearance of annexin A6 on gel electro- 
phoresis or Western blotting as a closely spaced polypep- 
tide doublet (205). 

Cladistic analysis of the mammalian annexin gene 
family reveals that annexins fall into three m^jor groups. 
One group comprises the earliest vertebrate annexins, 
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these being A7, All, and A13. A second group includes 
annexins A4, A5, and A8, and the third group comprises 
annexins Al, A2, and A3, with annexins A9 and A10 as 
somewhat distant members. Annexin A6 is more difficult 
to categorize, because the 5'-tetrad is most closely related 
to the A4,A5,A8 group and the 3 '-tetrad to the A1,A2,A3 
group. Nevertheless, the cladistic demarcation of these 
groups raises the question of whether or not they corre- 
spond to functional groupings. Despite the lack of clear 
functional data for most annexins, it is certainly possible 
to identify some cohesion within these groups. For exam- 
ple, annexins Al and A2 both bind proteins of the S100 
family, both are physiological substrates for protein 
serine/threonine and tyrosine kinases, and both are sug- 
gested to function in the endocytic pathway. In contrast, 
annexins A4 and A5 are more closely linked with regula- 
tion of ion flow (see sect, ivi?), and annexin A6, which 
arguably belongs in both groups, has been proposed to 
have roles that impinge on both the endocytic pathway 
and regulation of Ca 2+ signaling. Although such notions 
are purely speculative, the possibility that annexin clades 
may represent functional groupings might be relevant to 
the issue of functional redundancy and therefore the de- 
sign of gene knock-out experiments. 

2. Structural and regulatory features 

The completion of the human genome sequencing 
project, together with increasingly sophisticated algo- 
rithms for detecting and analyzing DNA sequences, has 
led to the identification of unusual and interesting ele- 
ments within certain annexin genes. The most detailed 
analyses have been conducted for the annexin A5 and All 
genes (10, 137, 251). The rat and mouse annexin A5 genes 
are unusual in having two promoters. In both species, the 
promoter proximal to the gene has a high GC content and 
lacks a TATA box; this is also true for the human and 
chick annexin A5 genes (48, 76, 227), and all have an 
abundance of binding sites for the ubiquitous SP1 tran- 
scription factor. In contrast, the distal promoter in the rat 
and mouse annexin A5 genes has a TATA box and con- 
served binding sites for transcription factors such as API, 
the glucocorticoid receptor, and MyoD. The significance 
of these observations is not clear, but the possibility 
exists that under certain conditions, perhaps during cell 
differentiation, proliferation, or transformation, transcrip- 
tion from the distal promoter results in an annexin A5 
transcript that omits exon 2 in which the start methionine 
is located. Such a transcript would initiate translation 
within the first conserved repeat, and the protein thus 
generated would be predicted to lack the NH 2 terminus 
and have a molecular mass ~3 kDa smaller than the 
full-length protein. Although there are no reports of the 
natural occurrence of such an annexin A5 splice variant, 
in vitro studies of recombinant annexin A5 showed that a 



mutant lacking the NH 2 terminus was unable to mediate a 
Ca 2+ influx into phospholipid vesicles (20). Further inves- 
tigation of these annexin A5 splice forms supported by a 
clearer understanding of annexin A5 function could re- 
veal the significance of the two promoters for this gene. 

The mouse annexin A5 gene also contains an endog- 
enous retrovirus (251) located in intron 4. The MuERV-L 
sequence is believed to exist in only 100-200 copies in the 
mouse genome, although there is no evidence that its 
presence has any impact on the regulation of annexin A5 
expression. The same gene also contains a region of 
Z-DNA (alternating purine-pyrimidine tract) in intron 6, 
and other Z-DNA sequences have been identified in the 
annexin A6 (287) and All genes (10). Given the abun- 
dance of repetitive elements in mammalian genomes, it is 
not surprising that Alu sequences, long interspersed nu- 
clear elements (LINEs), mammalian-wide interspersed re- 
peats (MIRs), and other less common elements have all 
been described in various annexin genes. For the most 
part, these appear to be no more than genomic landmarks, 
but in the case of annexin A6, a LINE-2 element named 
ALF (for annexin A6 LINE-2 fragment) was shown to 
function as a potent and highly specific T-cell silencer that 
may play a role in the downregulation of annexin A6 in T 
cells exposed to phorbol ester and calcium ionophore 
(69). This sequence was also shown to be present in other 
genes including interleukin-4 and PKC-/3, both of which 
are similarly downregulated by this combination of ago- 
nists in T cells. 

C. Regulation of Gene Expression 

Annexins are frequently described as being ubiqui- 
tous. This is true in the sense that any single cell type 
appears to express a range of annexins, or an "annexin 
fingerprint," but no single annexin is expressed in all cells, 
implying that regulation of annexin gene expression is 
tightly controlled. Insight into the mechanisms of annexin 
gene regulation can be gained by direct investigation of 
the relevant gene promoters or by indirect analysis of 
annexin expression. 

1. Annexin gene promoters 

Relatively few vertebrate annexins have been sub- 
jected to detailed promoter analysis. Two annexin Al 
genes have been investigated in pigeons, one of which is 
strongly inducible by prolactin, and both of which bind 
Y-box factors (237, 323). The promoters for these genes 
have been partially characterized, but the most detailed 
analyses have been performed on the human annexin Al 
(70, 290), A6 (70), and A7 (301) gene promoters. The 
annexin Al gene promoter contains CAAT and TATA 
boxes that were shown in deletion studies to be essential 
for minimal promoter activity. Analysis of the annexin Al 
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promoter also permitted investigation of the sensitivity to 
dexamethasone, a glucocorticoid analog. Although one 
study found the promoter to be unresponsive to treatment 
with dexamethasone (70), the other reported some level 
of induction (290). The different results may correspond 
to the use of different cell lines in each report or may 
reflect the exposure times used which in the former case 
extended to 8 h, and in the latter to 24 h. Despite these 
differences, both studies support the notion that annexin 
Al is not a glucocorticoid primary response gene. Inter- 
estingly, studies on the cytokine responsiveness of the 
annexin Al promoter showed the gene to be induced by 
interleukin-6 (290). This result is consistent with a role for 
annexin Al in the acute phase response to inflammation. 

The human annexin A6 gene promoter also contains 
CAAT and TATA boxes, although these are somewhat 
distal to the transcription start site and in this case the 
minimal promoter lies downstream of and does not in- 
clude these elements (70). The most unusual feature of 
the annexin A6 promoter is a potent T cell-specific si- 
lencer located —600 bases 5' to the transcription start site 
(69). This element was discussed in section mB2. The 
human annexin A7 gene promoter has also been serially 
dissected, and it lacks CAAT and TATA boxes but is GC 
rich and contains many SP1 binding sites (301). The phy- 
logenetically related annexin All gene promoter also 
lacks CAAT and TATA boxes, and it too is GC rich (10). 
The presence of SP1 binding sites in most, if not all, 
annexin promoters so far examined, is consistent with 
their broad patterns of expression, but the existence of 
other regulatory elements, or in the case of annexin A5 an 
alternative promoter, suggests that under certain circum- 
stances tight transcriptional control may be exerted. 

2. Annexin expression in development 
and differentiation 

The annexin literature contains many reports in 
which the expression of individual annexins is correlated 
with cell proliferation, differentiation, or transformation. 
For the most part, these studies do not reveal any great 
insight into annexin function, so in this review we focus 
on instances where annexin expression is developmen- 
tal^ regulated and in which the annexin exhibits a par- 
ticularly striking and suggestive association with a certain 
cell type or cellular localization. Many of the clearest 
examples of potential functional correlates are to be 
found in the simple eukaryotes. In these cases, the pres- 
ence of only a few annexins together with fewer cell types 
allows a more straightforward interpretation of the obser- 
vations. 

Hydra vulgaris expresses at least two annexins, of 
which annexin B12 (formerly annexin XII) is the best 
characterized. Annexin B12 was discovered first (270) and 
is clearly the mgjor annexin in Hydra, being expressed at 



an estimated 100-fold excess of a second as yet unchar- 
acterized annexin. Immunofluorescence analysis of whole 
Hydra revealed the staining pattern of the two annexins 
to be segregated, with annexin B12 being largely confined 
to epithelial battery cells throughout the tentacles, with 
the second Hydra annexin being maximally located in the 
cytoplasm of nematocytes (269). The epithelial battery 
cells differentiate from gastric ectodermal epithelial stem 
cells, whereas nematocytes differentiate from interstitial 
cells. The battery epithelial cells and nematocytes are 
closely aligned in Hydra tentacles; both are motile and 
both are actively turned over. The presence of annexins in 
these cells therefore fits with current models of annexin 
function in cell matrix adhesion and cell membrane plas- 
ticity and remodeling. The nematode worm C. elegans is 
somewhat more complex in that it expresses four annex- 
ins (annexins B5 to B8), of which annexin B7 is the best 
characterized. Annexin B7 (originally nex-1) was discov- 
ered using classical protein biochemical techniques as a 
msyor 32-kDa polypeptide exhibiting reversible Ca 2+ -de- 
pendent binding to phospholipids (53). Immunocyto- 
chemical and electron microscopic investigation of this 
protein revealed it to be associated with a well-defined 
subset of cell types and structures including the mem- 
brane systems of the secretory glands in the pharynx and 
the uterine wall and vulva. However, the most striking and 
most intense localization was to the convoluted mem- 
branes of the spermathecal valve. These membranes un- 
dergo major conformational changes as eggs pass through 
the valve, suggesting a possible role for annexin B7 in the 
regulation of membrane fluidity or membrane-membrane 
and membrane-cytoskeleton interactions. So far, only an- 
nexin B7 has been isolated and biochemically character- 
ized, although annexins B6 and B8 (nex-2 and nex-3, 
respectively) have been shown by RT-PCR to be actively 
transcribed (57). Of these, annexin B6 has an unusually 
long NH 2 terminus similar to those that characterize an- 
nexins A7 and All, indicating possible evolutionary link- 
age with the modern annexins. Although genetic studies 
have not yet been reported for these annexins, the emer- 
gence of RNA interference as a particularly effective tech- 
nique for preventing gene expression in C. elegans (81) 
opens the way for a detailed and potentially highly infor- 
mative analysis of annexin function in this organism. 

Despite the prevalence of annexins in most eukary- 
otic species, relatively little is known about developmen- 
tal regulation of annexin gene expression. A few studies 
have focused on mammalian annexin gene expression in 
the developing mouse brain (115, 116), the results of 
which revealed distinct patterns of temporal and spatial 
regulation of individual annexins. Other investigators re- 
ported developmental regulation of expression of at least 
four annexins in the loach Misgurnus fossilis (140) and 
the medaka fish Oryzias latipes (219). The latter study 
extended to whole mount RNA in situ hybridization to 
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examine the localization of four annexins during embryo- 
genesis. As with the investigation of nematode annexins, 
this work identified tightly controlled annexin expression 
associated with specific organs or cell types. The annexin 
expressed earliest in medaka embryogenesis is a likely 
ortholog of annexin All, which appears transiently in the 
prechordal mesendoderm and hindbrain. The three other 
medaka annexins, which may be orthologs of annexins 
Al, A4, and A5, all appear later in embryogenesis but in a 
range of tissues including liver, floor plate, and skin. 

These studies represent only a small part of a large 
and fragmentary literature relating to the developmental, 
cell growth, and differentiation-dependent regulation of 
annexin expression. The picture that emerges from these 
studies is that for many annexins expression patterns are 
broad, which might imply fundamental roles in cell phys- 
iology for most members of the family. For the majority of 
annexins, functions suggested on the basis of observa- 
tions made in a single cell type may therefore be incor- 
rect. However, other annexins are undoubtedly restricted 
in their patterns of expression, sometimes with regard to 
cell and tissue development and sometimes in terminally 
differentiated cells. In these cases, exemplified by an- 
nexin A13, which is clearly involved in apical vesicle 
transport in certain polarized epithelial cells, it is more 
reasonable to predict a specialized cell type-specific func- 
tion. In simpler eukaryotes with fewer annexins, of which 
several examples have been described here, there is now 
the prospect of combining genetics with developmental 
analysis to provide new information about function. Even 
if the absence of orthologous annexins in vertebrates 
presents a bar to direct extrapolation of function, the 
knowledge will impinge on the experimental design of 
genetic approaches to annexin function in species such as 
the mouse. 

IV. FUNCTIONAL DIVERSITY WITHIN THE 
ANNEXIN FAMILY 

A. Annexins in Membrane Traffic and Organization 

A priori, annexins are intracellular proteins, and their 
denominating property, i.e., binding in a Ca 2+ -regulated 
manner to negatively charged phospholipid surfaces, 
strongly argues for their functioning in conjunction with 
such phospholipids that are enriched in the cytoplasmic 
leaflets of cellular membranes. Exceptions are, however, 
disturbed cells undergoing apoptosis which display nega- 
tively charged phospholipids on their surface. In fact, it is 
the canonical annexin property of Ca 2+ -dependent bind- 
ing to acidic phospholipids which led to the introduction 
of annexin A5 as a diagnostic tool for labeling the surface 
of apoptotic cells. It has to be emphasized here that this 
diagnostic binding, albeit very useful, does not necessar- 



ily have any implications for the in vivo function of an- 
nexin A5. 

A large number of reports have provided circumstan- 
tial and also more direct evidence for annexins function- 
ing in intracellular membrane organization. These include 
the detailed analyses of annexin distributions within dif- 
ferent types of mostly cultured cells. A survey of these 
localization studies has been presented before (97). As a 
whole it appears that different annexins show strikingly 
different subcellular distributions and often reside in both 
a cytosolic and a membrane-associated pool, with a 
switch between the two typically being regulated by Ca 2+ . 
The respective target membranes identified for different 
annexins are in most cases the plasma membrane and 
membranes of the biosynthetic or the endocytic pathway, 
and it has therefore been concluded that annexins func- 
tion in these membrane trafficking steps. 

More recently, studies on the intracellular location of 
annexins have been extended to live cells in approaches 
using GFP fusions. Such analyses revealed that annexin 
Al associates with membranes of the endosomal, trans- 
ferrin-accessible system of HeLa cells in a manner depen- 
dent on active Ca 2+ binding sites being present in the 
protein. Moreover, it was shown that removal of the 
unique NH 2 -terminal domain of the protein results in a 
change in intracellular localization with the annexin Al- 
core being targeted to late endosomal membranes. Inter- 
estingly, this also appears to be specific since protein 
cores of other annexins (annexins A2 and A4) show dif- 
ferent distributions in live HeLa cells (245). In light of the 
finding that proteolytic cleavage within the NH 2 -terminal 
domain of annexin Al is likely to occur within cells 
(possibly triggered by phosphorylation, see above), the 
distinct localizations of full-length and NH 2 -terminally 
truncated annexin Al could reflect distinct functions of 
the two species. Full-length annexin A2 localizes to the 
plasma membrane in living HeLa and HepG2 cells and 
also to membranes of the endosomal system in living BHK 
and rat basophilic leukemia cells (196, 245, 342). In the 
latter case, inspection by evanescent field microscopy of 
pinocytic vesicles formed under mildly hyperosmotic con- 
ditions revealed the presence of annexin A2-GFP in actin 
tails propelling these pinosomes. Moreover, formation of 
such pinocytic rockets is inhibited by overexpression of a 
mutant protein dominantly interfering with the annexin 
A2 localization, thus suggesting an important role of this 
annexin in organizing interfaces between certain mem- 
branes or membrane domains and the actin cytoskeleton 
(196). An annexin A7-GFP chimera was also localized 
recently to discrete intracellular structures, in this case in 
differentiated myoblasts (45). Upon subcellular fraction- 
ation, the annexin A7-containing membranes copurify 
with caveolin-3, but a role of annexin A7 in, e.g., the 
establishment or stabilization of t tubules during myogen- 
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esis, remains to be shown and is not as yet evident in 
annexin A7-deficient mice (see sect. ivD). 

1. Annexins in the biosynthetic pathway 

A number of annexin proteins, including annexins 
Al, A2, A3, A6, A7, All, A13, and B7, have been linked to 
exocytotic processes, more specifically post-£raws-Golgi 
network events in the biosynthetic pathway (for reviews, 
see Refs. 30, 51, 97, 244). The most compelling evidence 
for such an involvement which go beyond the mere local- 
ization of the protein to secretory organelle membranes 
and/or the plasma membrane has been reported for an- 
nexins A2 and A13. Annexin A2 has been identified as a 
cytosolic protein that can retard the rundown of secretory 
responsiveness to Ca 2+ stimulation of permeabilized 
chromaffin cells when added exogenously as a purified 
protein. In this assay, the annexin A2-S100A10 complex, 
which is localized in several cell types to the sites of 
plasma membrane/secretory granule membrane contact 
and/or intergranule contact (212, 276, 277) and which is 
capable of aggregating vesicles (see above), is more effi- 
cient than the monomelic annexin protein. Moreover, 
PKC phosphorylation of annexin A2 is required for the 
activity (263) (recall that PKC is activated upon nicotinic 
stimulation of chromaffin cells), and a peptide corre- 
sponding to an NH 2 -terminal annexin A2 sequence con- 
taining the PKC site inhibits catecholamine secretion in 
nicotine-stimulated chromaffin cells. Interestingly, it ap- 
pears that the function of the annexin A2-S100A10 com- 
plex in chromaffin granule exocytosis is restricted to 
adrenergic cells as the S100A10 subunit is not expressed 
in the noradrenergic cell type (38) (for review, see Ref. 5). 
By correlation, it was also inferred that the annexin A2- 
S100A10 complex participates in lung surfactant secre- 
tion from alveolar type II cells as phenothiazines inhibited 
this secretion in a manner similar to their inhibition of 
annexin A2-S100A10-mediated vesicle aggregation (181). 
Yet another Ca 2+ -triggered exocytosis event is the regu- 
lated secretion of different granule contents from endo- 
thelial cells, the most prominent being the von Willebrand 
factor stored in Weibel-Palade bodies. With the use of a 
whole cell patch-clamp approach combined with mem- 
brane capacitance recordings, it was shown that disrup- 
tion of the annexin A2-S100A10 complex by a competitor 
peptide corresponding to the S100A10 binding site on 
annexin A2 markedly inhibits the Ca 2+ -dependent exocy- 
totic membrane fusion (161). Annexin A2 and S100A10 in 
endothelial cells are located at the plasma membrane and 
not found on Weibel-Palade bodies. Hence, it has been 
proposed that the complex indirectly functions in endo- 
thelial granule exocytosis by organizing the plasma mem- 
brane in a manner supporting the granule-plasma mem- 
brane fusion event (161, 213). In line with this proposal, 
annexin A2 is found concentrated at certain subdomains 



of the plasma membrane and seems to provide a link 
between such subdomains and the actin cytoskeleton 
(see below). 

Annexin A13, a myristoylated member of the family 
occurring in two NH 2 -terminal splice variants (a and b), is 
only expressed in a limited subset of polarized epithelial 
cells. Here, the 13b variant is localized specifically to the 
TGN, post-TGN carrier vesicles, and the apical plasma 
membrane. Antibodies directed against the unique exon 
encoded sequence in the annexin A13b splice form inter- 
fere with carrier vesicle transport to the apical but not the 
basolateral membrane domain of permeabilized Madin- 
Darby canine kidney (MDCK) cells, suggesting a very 
specific role of the protein in this transport step (77). 
Annexin A13b binds to sphingolipid- and cholesterol-rich 
domains (rafts) that bud off the TGN and that are destined 
for the apical plasma membrane in a transport step re- 
quiring a microtubule minus end-directed motor (214). 
The TGN budding is inhibited by annexin A13b antibodies 
and stimulated by myristoylated but not unmyristoylated 
annexin A13b (165). The other splice variant, annexin 
A13a, also stimulates apical biosynthetic transport but, in 
contrast to annexin A13b, also appears to be involved in 
the basolateral delivery in polarized cells (172). Due to 
their specific and in some cases regulated association 
with raft domains, the involvement of annexin A13 iso- 
forms in post-TGN transport to the plasma membrane 
could be based on a membrane-organizing effect and thus 
could mirror the situation discussed for annexin A2 in 
Ca 2+ -regulated exocytosis in endothelial cells. Thus the 
membrane-organizing capacity of annexins, which differs 
in extent, regulation, and target membrane between dif- 
ferent members of the family, could represent the mech- 
anistic basis of annexin effects in membrane transport 
events. 

Other biosynthetic membrane transport steps af- 
fected by annexins include Ca 2+ -dependent secretion in 
neutrophils, which in a streptolysin-0 (SLO)-permeabil- 
ized cell system is stimulated by annexins Al and A3 
(254), and Ca 2+ -induced insulin secretion in pancreatic 
/3-cells, which in SLO-permeabilized cells is inhibited by 
annexin All antibodies (135). However, in all cases, live 
cell experiments, e.g., the mjection of antibodies or inter- 
fering peptides/proteins or the generation of cells defi- 
cient in specific annexins combined with a subsequent 
characterization of transport steps in the modified cells, 
are required to corroborate and more specifically define 
the role of annexins in exocytosis. 

2. Annexins in the endocytic pathway 

Membranes of the endosomal system have also been 
identified as target structures for several annexins, and 
the mode of membrane binding has been studied exten- 
sively, both in terms of the specific target membrane 
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selected by the individual annexins and in terms of the 
structural requirements for membrane binding within the 
annexin molecule. Some of the literature describing an- 
nexin-endosome interactions has been reviewed before 
(97, 108). More recently, the specificity and thus most 
likely functional importance of such interactions has re- 
ceived support by a number of observations regarding 
annexins Al, A2, and A6. Live cell experiments analyzing 
the intracellular distribution of annexin-GFP chimeras 
have underscored the importance of the unique NH 2 - 
terminal domain in positioning the individual annexin at 
certain target membranes (see above). Annexin Al, for 
example, is found on early, transferrin-accessible endo- 
somes in BHK and HeLa cells, although some protein is 
also present on multivesicular endosomes, at least in 
mouse fibroblasts (92, 245, 275). Upon removal of the 
NH 2 -terminal domain, the resulting annexin 1 core do- 
main redistributes to late endosomes with the interaction 
still being Ca 2+ dependent and specific, i.e., not observed 
with other highly homologous annexin cores (245, 275). 
This switch could also occur under certain cellular con- 



ditions, e.g., when upon internalization of the EGF recep- 
tor annexin Al becomes phosphorylated on Tyr-20 and 
thus more susceptible to NH 2 -terminal proteolysis (see 
above). The proteolysis removes at least part of the NH 2 - 
terminal domain and thus not only the sequence required 
for localizing the protein to early endosomes but also the 
binding site for the annexin Al ligand S100A11. As a 
result, a putative heterotetrameric annexin A1-S100A11 
complex capable of linking membrane surfaces would be 
disrupted. Together with the finding that the association 
of annexin 1 with multivesicular endosomes is regulated 
through phosphorylation by internalized EGF receptors, 
the proposed role of the protein in mediating the inward 
vesiculation in multivesicular endosomes (92) could be 
envisaged as depicted in Figure 5. Annexin Al in its 
Ca 2+ -regulated complex with S100A11 (which is targeted 
to early endosomes by annexin Al, Ref. 274) could orga- 
nize the limiting membrane of multivesicular endosomes 
in statu nascendi, i.e., early endosomes or budding endo- 
somal carrier vesicles in the process of becoming multive- 
sicular, in a way that supports the inward vesiculation. 



EGF receptor 
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fig. 5. Model describing a potential participation of annexin A1-S100A11 in the inward vesiculation process 
generating multivesicular endosomes. Owing to its potential membrane linking properties, the as of yet hypothetical 
heterotetramer of annexin Al (red) and S100A11 (orange) could stabilize membrane interactions required for inward 
budding. Phosphorylation of 1Yr-20 of annexin Al by the internalized epidermal growth factor (EGF) receptor (92) 
renders the protein more susceptible for proteolysis occurring in the NH 2 -terminal domain. Proteolytic cleavage would 
release the S100A1 1 dimer (together with the NH 2 -terminal annexin Al sequence) in a process that could accompany the 
actual membrane fission and internal vesicle release. As a result, an NH 2 -terminal foreshortened annexin Al would be 
present on multivesicular/late endosomal membranes, a localization in line with that of ectopically expressed annexin 
Al core-green fluorescent protein (245). 
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Once the inward budding is about to be completed with 
the final fusion process, annexin Al becomes phosphor- 
ylated by internalized receptors destined for degradation. 
This leads to limited proteolysis and thus disruption of the 
complex between annexin 1 and S100A11 in a process 
which might be coupled to the actual fusion. This activity 
might not be essential for endosome maturation/transport 
to occur but might facilitate the kinetics by providing a 
supporting membrane scaffold. Whether and how this 
model relates to observed stimulatory effects of annexin 
Al on cell proliferation, EGF receptor synthesis, and 
phosphorylation remains to be established (62). 

Annexin A2 was also identified on early endosomes 
(in addition to its localization at the plasma membrane 
and on certain secretory granules). Interestingly, its inter- 
action with endosomal membranes occurs in the absence 
of Ca 2+ and is primarily mediated by the NH 2 4erminal 
domain, which upon fusion to an annexin Al core can 
transfer this unique property to the otherwise Ca 2+ -sen- 
sitive annexin Al (120, 145, 160). It is not clear whether 
the NH 2 -terminal annexin A2 sequence in question inter- 
acts with a protein receptor, e.g., a 200-kDa protein iden- 
tified in ligand blotting experiments in certain clath- 
rin-coated vesicle preparations (318), or specifically 
associates with a unique lipid structure, e.g., cholesterol- 
rich membrane domains that are required for this atypical 
annexin-membrane interaction (120, 160). Annexin A2 is 
not distributed evenly over the early endosomal compart- 
ment Immunoaffinity approaches reveal that it is en- 
riched on Rabll- (and also transferrin receptor-) but not 
Rab5-positive endosomes of Chinese hamster ovary 
(CHO) cells, whereas it is not found in transferrin recep- 
tor-positive recycling endosomes of polarized MDCK cells 
(93, 315). In BHK cells, on the other hand, endosomes 
isolated on immobilized annexin A2 antibodies are posi- 
tive for the transferrin receptor but not the early endoso- 
mal antigen EEA1. This correlates with the ultrastructural 
colocalization of annexin A2 and the transferrin receptor 
on endosomes of BHK cells (341). Thus it appears that the 
fine tuning of annexin A2 localization within the early 
endosomal compartment is handled differently in differ- 
ent cells, possibly in cor\junction with its proposed func- 
tion as a scaffolding protein organizing and/or stabilizing 
rafts (see below). 

A similar scenario could hold true for annexin A6, 
which has been localized to different endosomal mem- 
branes in different cells. In rat liver hepatocytes, it is 
found on an apical endocytic compartment, whereas it is 
present on late endosomes/prelysosomes of NRK fibro- 
blasts (218, 235). Furthermore, some annexin A6 is also 
associated with the plasma membrane and clathrin- 
coated vesicles (179, 318), where it could function in 
facilitating coated pit budding. Earlier experiments em- 
ploying immobilized plasma membranes and taking the 
loss of clathrin from such membranes as a measure for 



coated pit budding reported an inhibitory effect when the 
cytosol required in this Ca 2+ - and ATP-dependent reac- 
tion was depleted of annexin A6 (179). More recently, 
with the use of the same assay, it was shown that annexin 
A6 is only required for a certain type of coated pit bud- 
ding, one sensitive to the cysteine protease inhibitor 
ALLN. The involvement of annexin A6 depended on its 
association with spectrin indicative of a function of the 
protein in remodeling the spectrin lattice as a prerequisite 
for efficient budding (148). Moreover, the same study 
revealed that microinjection of a truncated annexin A6 
mutant inhibited low-density lipoprotein (LDL) uptake, 
thus paralleling the inhibitory effect of the mutant on 
coated pit budding in the in vitro assay. Other coated pit 
budding events (those not affected by ALLN) do not re- 
quire annexin A6, thus providing a possible explanation 
for the finding that receptor-mediated endocytosis in an- 
nexin A6-negative A 431 cells is not stimulated by ectopic 
overexpression of the protein (288). On the other hand, 
ectopic overexpression of annexin A6 in CHO cells has a 
stimulatory effect on LDL receptor endocytosis, however, 
only when the receptor itself is overexpressed as well. In 
these experiments, annexin A6 remained associated with 
LDL-containing vesicles also at later stages of the endo- 
cytic pathway, possibly suggesting additional functions of 
the protein in late endocytic events (107). Such functions 
are likely to include trafficking events leading to LDL 
degradation, since microinjection of a mutated annexin 
A6 into NRK cells causes a retention of LDL in the prely- 
sosomal compartment (234). 

3. Annexins and phagocytosis 

A translocation of different annexins to the mem- 
brane of maturing phagosomes has been observed in a 
number of phagocytic cells and has been taken as an 
indication for the involvement of the proteins in phago- 
cytosis (previously reviewed in Ref. 97). Such observa- 
tions have been extended in the recent past showing, for 
example, that annexins A1-A5 are present on isolated 
phagosomes from J774 macrophages, with the levels of 
annexin A4 (but not those of the other annexins) increas- 
ing with age of the maturing phagosomes (66). In another 
study using macrophage-like cells and analyzing Fc recep- 
tor-mediated phagocytosis, annexins A7 and All in addi- 
tion to the members mentioned above were found to 
translocate to the phagosomes upon particle ingestion 
(230). In differentiated human monocytes, phagocytic up- 
take of Brucella bacteria (opsonized or nonopsonized) is 
accompanied by a recruitment of annexin Al-positive 
structures to the site of entry (164), whereas neutrophils 
phagocytosing yeast cells show a translocation of annexin 
All to the periphagosomal region (284). When the same 
cells take up an attenuated strain of Mycobacterium tu- 
berculosis, the intracellular distribution of annexins Al 
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and A5 remains unchanged while annexins A3, A4, and A6 
are translocated from the cytoplasm to the proximity of 
the bacteria containing phagosomes. In the case of an- 
nexin A4, this even occurs in Ca 2+ -depleted neutrophils 
(189). Similar observations have also been made in human 
dendritic cells phagocytosing Af. tuberculosis (170). Al- 
though these reports point to a role of the respective 
annexins in phagosome maturation, e.g., by facilitating 
certain transport or phagosome-endosome fusion steps, 
they so far only represent circumstantial evidence. We are 
still in need of functional approaches, e.g., analysis of 
phagocytosis in cells with an altered annexin expression 
or in the presence of dominantly interfering compounds, 
to make a conclusive connection between annexins and 
phagocytosis. 

4. Annexins and the establishment/stabilization 
of membrane domains 

Recent years have seen a formulation of the concept 
of membrane microdomains (rafts) being involved in as- 
pects of membrane transport and also representing plat- 
forms for signaling events (for review, see Refs. 27, 281). 
Rafts are lateral assemblies of membrane patches rich in 
sphingolipids and cholesterol, which due to their high 
content of saturated hydrocarbon chains form a liquid- 
ordered phase in the more disordered background of 
glycerolipids containing unsaturated fatty acid chains. 
Biochemically, rafts (or detergent-resistant membrane 
complexes, DRMs) are defined by their resistance toward 
treatment with nonionic detergent in the cold and their 
ability to float to low density in sucrose density gradients. 
A number of membrane proteins have been described as 
raft associated. Typically, these proteins contain a certain 
fatty acid, isoprene or lipid moiety (e.g., glycosylphos- 
phatidylinositol or GPI) which helps anchor them in the 
membrane raft. Most of the typical lipid and also protein 
components of rafts described to date are those found in 
the exoplasmic leaflet of the bilayer. The inner leaflet of 
these microdomains is less well characterized, although it 
appears to contain glycerophospholipids with a higher 
degree of saturation than the total plasma membrane (88) 
and also is likely to be enriched in cholesterol (281). 
Moreover, information on proteins associating specifi- 
cally with the cytoplasmic side of rafts and thereby pos- 
sibly regulating their assembly and dynamics is rather 
scarce. It is here where annexins could come into play as 
several members of the family have been identified in raft 
preparations and seem to associate with rafts in a manner 
which is in some cases but not strictly regulated by Ca 2+ . 
Recent evidence in support of this view is summarized 
below for different annexins. 

Rafts and membrane microdomains are not re- 
stricted to the plasma membrane but are also found in 
membranes of the biosynthetic (Golgi) and the endoso- 



mal system (209, 279, 280). Annexin Al, a substrate of the 
EGF receptor kinase implicated in endosomal sorting of 
the receptor (see above), is also a substrate of PKC and 
localizes with the active enzyme to the endosomal com- 
partment. After PKC activation initiated by exposure of 
cells to phorbol esters, downregulation of the enzyme 
appears to occur via translocation from the plasma mem- 
brane to endosomes, a process which is inhibited by 
caveolin binding drugs. Because PKC translocation and 
thus its colocalization with annexin Al does not depend 
on the endosomal GTPase Rab5, it has been proposed that 
the transport is mediated through caveolae, cell surface 
invaginations containing a subset of lipid rafts which are 
formed by polymerization of the cholesterol-binding 
caveolin proteins (238; for review on caveolae, see Refs. 3, 
136). Thus it appears that annexin Al could also be in- 
volved in the downregulation of membrane-bound PKC 
through caveolae-mediated traffic to endosomes. Al- 
though evidence in support of this hypothesis is vague 
and circumstantial, several lines of research have strongly 
and more directly implicated annexin A2 in the organiza- 
tion and dynamics of membrane rafts. In several types of 
cells, annexin A2 associates with membrane rafts (bio- 
chemically defined as described above) in both a Ca 2+ - 
dependent and a Ca 2+ -independent manner. These in- 
clude adrenal chromaffin cells where, after nicotine 
stimulation and in the presence of 1 /xM Ca 2+ , the protein 
translocates to Triton X-100 (TX-lOO)-insoluble mem- 
brane subdomains (262) as well as MDCK, polarized mam- 
mary epithelial, and smooth muscle cells where raft asso- 
ciation is also Ca 2+ dependent (8, 119, 216). On the other 
hand, BHK as well as bovine endothelial cells contain 
annexin A2, whose association with rafts is not sensitive 
to Ca 2+ chelation but correlates with the amount of mem- 
brane cholesterol (50, 120). Interestingly, annexin A2 as- 
sociated Ca 2+ independently with BHK or endothelial cell 
membranes can be specifically released together with a 
subset of cortical cytoskeletal elements (actin, a-actinin, 
ezrin, and moesin) by sequestration of membrane choles- 
terol, suggesting a link between raft-associated annexin 
A2 and the membrane underlying actin cytoskeleton (120; 
Konig and Gerke, unpublished observations). 

A role of annexin A2 as an organizer of membrane 
domains has gained further support in the case of the 
Ca 2+ -dependently raft-associated protein. In the sarco- 
lemma of smooth muscle cells, the dynamics of rafts, their 
lateral assembly, and association with the actin cytoskel- 
eton appear to be regulated by changes in intracellular 
Ca 2+ concentrations occurring during smooth muscle 
contraction. These changes correlate with the Ca 2+ -de- 
pendent association of annexin A2 with membrane rafts 
and the translocation of annexin A6 to a membrane-cy- 
toskeleton complex. Hence, it was proposed that an initial 
Ca 2+ rise in smooth muscle cells triggers the binding of 
annexin A2 to lipid rafts and a clustering of these rafts 
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which is promoted by lateral annexin assembly. As a 
consequence, the spatial organization of, e.g., membrane 
receptors, is altered leading to a second Ca 2+ transient 
further elevating intracellular Ca 2+ . This is proposed to 
trigger a translocation of annexin A6 to the sarcolemma 
where it could be involved in the formation of bonds 
between the plasma membrane and the actin cytoskele- 
ton (8). Annexin A2 is a F-actin binding protein itself (98) 
and thus could also participate more directly in the for- 
mation of membrane-cytoskeleton links. In a recent study 
it was shown to colocalize in basolateral lipid rafts of 
mammary epithelial cells with the hyaluronic acid recep- 
tor CD44. Antibody-induced clustering of CD44 leads to a 
similar clustering of annexin A2. Even more interestingly, 
clustering of annexin A2 at the cytoplasmic side of the 
membrane, which was achieved through ectopic expres- 
sion of a £rans-dominant annexin A2 mutant protein, led 
to the enrichment of CD44 in the annexin A2-positive 
patches. Moreover, a reorientation of F-actin toward the 
annexin A2 clusters was observed (216). A rearrangement 
of cortical actin can also be induced by certain pathogens, 
e.g., enteropathogenic Escherichia coli (EPEC), which 
induce the formation of actin-rich pedestals underneath 
their site of host cell attachment. Interestingly, bacterial 
attachment triggers a clustering of membrane raft com- 
ponents and a recruitment of annexin A2 to the attach- 
ment sites, suggesting that annexin A2 could participate 
in this process by stabilizing raft patches and their linkage 
to the actin cytoskeleton beneath adhering EPEC (343). 

Collectively, these findings indicate that annexin A2 
could represent a cytoplasmic protein peripherally asso- 
ciating with the cytoplasmic leaflet of membrane rafts, 
thereby stabilizing these domains and providing a link 
with the cortical actin cytoskeleton. Such a function 
would depend crucially on the membrane association of 
annexin A2 and therefore could be regulated in two ways, 
by membrane cholesterol content and local Ca 2+ concen- 
tration, as indeed shown recently for annexin A2 associ- 
ated with endosomal membranes (279, 341) or artificial 
liposomes containing cholesterol (7). This dual regulation 
mode reflects itself in the structure of the molecule as the 
NH 2 -terminal domain mediates a Ca 2+ -independent inter- 
action with cholesterol-rich membrane domains (160) and 
the COOH-terminal protein core harbors the Ca 2+ -regu- 
lated binding site. As depicted in Figure 6, this could mean 
that some annexin A2 binds to cholesterol-containing 
membrane domains or specific receptors therein, already 
in the absence of Ca 2+ . Once Ca 2+ rises, e.g., during 
regulated exocytosis, at the sarcolemma upon smooth 
muscle cell activation or during certain types of endoso- 
mal fusion (129), additional annexin A2 molecules are 
recruited to the same sites providing a sort of membrane 
scaffold and, given they reside in complex with the 
S100A10 dimer, contact sites to other membranes or the 
cytoskeleton. In this view the annexin serves a more 



structural role in the membrane periphery affecting indi- 
rectly a number of membrane transport events, thus func- 
tioning in a manner similar to that discussed for mem- 
brane skeleton proteins, e.g., spectrin or spectrin- 
associated proteins present on intracellular membranes 
(14, 197, 340). 

As already mentioned, annexin A6 has also been 
implicated in the organization of membrane domains, in 
particular their association with the cytoskeleton in 
smooth muscle cells (8, 9). It could serve a similar func- 
tion in mammary epithelial cells as a fraction of annexin 
A6 is recovered from the TX-100-insoluble fraction from 
these cells in a manner which appears to be regulated 
during polarization of the cells (171). Moreover, annexin 
A6 associates with raft fractions from synaptic plasma 
membranes in a Ca 2+ -dependent manner (217). Whether 
and how this relates to the spectrin binding of annexin A6 
and its proposed function in clathrin-coated pit budding 
remains to be shown. The sole annexin whose association 
with lipid rafts was shown to be functionally important 
for membrane trafficking events is annexin A13b (see also 
above). Together with its NH 2 -terminal splice variant, 
annexin A13a, it is the only member of the family that can 
be NH 2 -terminally myristoylated (77, 336). Annexin A13b 
is located in the apical compartment of polarized MDCK 
cells and found on the £rans-Golgi network, at the apical 
cell surface and on exocytic apical carrier vesicles whose 
formation is inhibited by anti-annexin A13b antibody 
(165). As judged by several criteria including flotation in 
Optiprep gradients of TX-100-insoluble fractions obtained 
from apical carrier vesicles, annexin A13b clearly is a 
raft-associated protein, and it was proposed to function 
by binding to apical rafts that bud off the £rems-Golgi 
network (165). Recently, it was also shown that annexin 
A13b participates in mediating the apical membrane tar- 
geting of the ubiquitin ligase Nedd4. The enzyme contains 
a C2 domain and associates with lipid rafts in a Ca 2+ - 
dependent manner, most likely through an interaction of 
this Ca 2+ -sensitive C2 domain with the raft-associating 
annexin A13b (231). Annexin A13a differs from the 13b 
variant by a deletion of 41 amino acid residues from the 
unique NH 2 -terminal domain and a somewhat broader 
intracellular distribution as it is also found at the basolat- 
eral membrane. Interestingly, its association with lipid 
rafts differs between the apical and the basolateral com- 
partment of polarized epithelial cells with only the latter 
requiring Ca 2+ . Moreover, and in contrast to annexin 
A13b, the 13a variant appears to be involved in the baso- 
lateral transport route (172). Thus different annexins 
seem to participate to differing extents in the organization 
of membrane domains (e.g., lipid rafts) with their associ- 
ation with these domains and thus their role in the pro- 
cess being regulated by changes in cytosol conditions 
(Ca 2+ , pH?) and membrane lipid content (cholesterol, 
acidic phospholipids). 
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fig. 6. Ca 2+ -independent and Ca 2+ -dependent interactions of annexin A2 with endosomal membranes. In the 
absence of Ca 2+ , annexin A2 (blue) binds to endosomes in a manner requiring membrane cholesterol and a unique 
sequence in the NH 2 -terminal domain of the protein. The amount of endosome-associated annexin A2 increases 
significantly in the presence of Ca 2+ , with the membrane binding now being driven by the canonical and Ca 2+ -dependent 
membrane interaction. A high-density packing of annexin A2 molecules could be envisaged, which is in line with 
cryoelectron microscopy studies of annexin A2 bound to artificial bilayers (167). Such annexin A2 assemblies could 
stabilize certain membrane domains/organizations, and after SlOOAlO-dependent formation of the annexin A2-S100A10 
heterotetramer, these domains could be linked to a second membrane or cytoskeleton surface. 



B. Annexins and Ion Channels 

In section uB we discussed the Ca 2+ -dependent and 
Ca 2+ -independent interactions between annexins and 
phospholipid membranes. In the former case, such inter- 
actions depend largely on the conserved annexin core and 
the Ca 2 *-binding sites therein, and in both cases a degree 
of reversibility is a characteristic of membrane binding for 
most members of the annexin family. A major challenge in 
the annexin field has been to understand what annexins 
do once membrane bound. For some annexins there is 
increasingly persuasive evidence for roles in vesicle traf- 
ficking and/or membrane organization, but for most an- 
nexins, the functional significance of reversible mem- 
brane binding remains elusive. However, one intriguing 
possibility to have emerged in the last decade is that 
membrane-associated annexins might function either as 
ion channels and/or ion channel regulators. If correct, 
such activities would point to annexins as both effectors 



and regulators of ion fluxes and place these proteins as 
key mediators in the control of cellular Ca 2+ homeostasis. 

1. Regulation of ion channel activity by anneccins 

The first study to implicate any annexin in the regu- 
lation of ion flow demonstrated that purified annexin A6 
increased the mean open time and opening frequency of 
the sarcoplasmic reticulum ryanodine-sensitive Ca 2+ 
channel (67). This modulatory activity appeared to be 
specific because there was no effect of annexin A6 on 
sarcoplasmic K + or CP currents. These findings sug- 
gested that annexin A6 might have a role in the regulation 
of intracellular Ca 2+ signaling in cardiomyocytes and 
skeletal muscle cells, cell types in which annexin A6 is 
known to be expressed at high levels. However, annexin 
A6 only exhibited this property when added to the luminal 
side of the membrane, and annexin A6 is generally con- 
sidered to be a cytosolic protein. The problem of under- 
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standing the effect of annexin A6 in this system was 
further compounded by the subsequent observation that 
purified annexin A6 exhibits Ca 2+ channel activity in ar- 
tificial phospholipid membranes (19). This raises the pos- 
sibility that changes in the Ca 2+ permeability observed in 
sarcoplasmic reticulum membranes attributed to the ry- 
anodine receptor may have been partly or wholly due to 
annexin A6 itself Another study, this time demonstrating 
a cytosolic effect of annexin A6, showed that the intro- 
duction of a neutralizing antibody to annexin A6 led to an 
increase in K + currents in dorsal root ganglia (DRG) and 
spinal cord neurons, and to an increase in Ca 2+ currents 
in DRG (211). A model in which displacement of annexin 
A6 from intracellular membranes leads to amplification of 
the Ca 2+ signal is consistent with work showing that 
elevation of cytosolic Ca 2+ induced by hydroperoxide is 
associated with translocation of annexin A6 from the 
cytoplasmic face of the plasma membrane (130). Another 
study, again supporting a role for annexin A6 in the reg- 
ulation of Ca 2+ influx, showed that ectopic expression of 
annexin A6 in epithelial A431 cells leads to attenuation of 
Ca 2+ influx stimulated by EGF (84). A 431 cells normally 
lack annexin A6 and exhibit a sustained elevation of 
intracellular Ca 2+ after exposure to EGF. This work 
showed that whereas Ca 2+ release from intracellular 
stores was unaffected by annexin A6, membrane hyper- 
polarization and consequent Ca 2+ influx was inhibited. 
Interestingly, this inhibitory activity was only observed 
for the larger of the two splice forms of annexin A6, an 
effect that also directly correlated with splice variant- 
specific growth suppression in these cells. 

Annexins A2 and A4 have also been demonstrated to 
modulate the activity of ion channels, although in both 
cases the effects were observed on CI" rather than Ca 2+ 
channels. Annexin A4 is located at the apical cell plasma 
membrane in polarized colonic T84 cells, and in electro- 
physiological experiments it was found that introduction 
of purified recombinant annexin A4 into T84 cells through 
the patch electrode led to inhibition of the Ca 2+ -induced 
CP current (146). Consistent with this, an antibody to 
annexin A4 and also an antisense oligonucleotide to an- 
nexin A4 mRNA, both reduced the threshold for CP 
current activation. Activation of the Ca 2+ -dependent CP 
conductance occurs in response to mobilization of Ca 2+ 
from intracellular stores or, in patched cell experiments, 
by introduction of calmodulin-dependent protein kinase II 
(CaMKII). Inhibition of CaMKII using a specific peptide 
blocked the activation of the Ca 2+ -dependent CP channel 
observed with the antibody to annexin A4 (37). Annexin 
A4 is not believed to activate or inhibit CaMKII, nor to 
act as a substrate for the kinase, suggesting that it may 
inhibit the CP channel through a direct protein-protein 
interaction. Regulation of the CP channel by annexin 
A4 might also involve inositol 3,4,5,6-tetrakisphosphate 
[Ins(3,4,5,6)P 4 ]. In electrophysiological experiments in 



T84 cells, the potency of Ins(3,4,5,6)P 4 as an inhibitor of 
the Ca 2+ -dependent CP channel was doubled in the pres- 
ence of annexin A4, when annexin A4 was added at a 
concentration at which it has no inhibitory effect when 
used alone (339). These observations suggest a function 
for annexin A4 as part of a complex signaling pathway 
involving both protein kinases and intracellular Ca 2+ . The 
involvement of annexin A2 in CP channel regulation is 
less well characterized but no less intriguing. A single 
study reported that introduction of a synthetic peptide 
corresponding to the NH 2 -terminal domain of annexin A2 
into endothelial cells via a patch electrode led to rundown 
of the osmotic-regulated CP channel (213). In a control 
experiment, a similar peptide with a single amino acid 
substitution that eliminated S100A10 binding was shown 
to be without effect. These results imply that correct 
assembly of the annexin A2/S100A10 heterotetramer is 
required for the integrity of this current. The reason for 
this is unclear, but in many cells the annexin A2/S100A10 
complex is stably associated with the submembraneous 
actin cytoskeleton, which in turn may have a functional 
interface with volume-sensitive CP channels (VSCC). In- 
deed, specialized membrane-cytoskeleton compartments 
rich in cholesterol, caveolin, and ERM (ezrin, radixin, 
moesin) proteins are implicated in VSCC function and 
also contain annexin A2 (316). Furthermore, chicken 
DT40 cells containing a targeted disruption of the annexin 
A2 gene exhibit a more hyperpolarized resting membrane 
potential, consistent with dysregulation of chloride ho- 
meostasis (163). Collectively, these studies suggest that 
whereas annexin A4 may be involved in a direct molecular 
interplay with the Ca 2+ -dependent CP channel, the effect 
of annexin A2 on VSCCs might be an indirect conse- 
quence of a possible role in the regulation of membrane 
cytoskeleton interactions. 

2. Annexin- dependent ion fluxes 

The problem of defining specific functions for indi- 
vidual annexins is a recurring theme in annexin research. 
When annexin Al (lipocortin) was first described as an 
inhibitor of phospholipase A 2 (PLA 2 ), this was widely 
accepted as an explanation for the apparent anti-inflam- 
matory activity of annexin Al. However, as the family 
expanded, it rapidly became clear that all annexins can 
inhibit PLA 2 by Ca 2+ -dependent sequestration of the 
phospholipid substrate (59). Although the inhibition of 
PLA 2 is therefore now believed to be nonspecific and 
probably nonphysiological, the anti-inflammatory activity 
of annexin Al is nevertheless specific to this protein, and 
recently a more convincing mechanism has emerged to 
explain its activity (see sect. ivC7). A similar history sur- 
rounds the idea that annexins might function as ion chan- 
nels. The first annexin to be shown to have Ca 2+ channel 
activity was annexin A7 (233, 252), but this was soon 
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extended to annexin A5 (253), and in conjunction with 
X-ray crystallographic studies, most annexins have now 
been demonstrated to have Ca 2+ channel activity (19, 29, 
134, 232). Just as PLA 2 inhibition by annexins was shown 
to be the consequence of a shared biochemical property, 
so it appears that the Ca 2+ channel activity of annexins 
may be due to a common structural feature, namely, the 
central hydrophilic pore in the annexin core (see sect. 
iiAi). However, in contrast to the anti-inflammatory activ- 
ity of annexin Al, no annexin has ever been shown to 
exhibit Ca 2+ channel activity in a living cell. Moreover, 
the general view of annexins as peripheral membrane 
binding proteins presents a conceptual obstacle to the 
idea that these proteins could function as ion channels. 
Despite this, the selectivity of the annexin ion channel for 
Ca 2+ , together with pharmacological and electrophysio- 
logical properties that correspond to those of as yet un- 
characterized Ca 2+ channels in nonexcitable cells, en- 
sures continuing interest in this subject. 

To understand how annexins might function as Ca 2+ 
channels, it is necessary to examine the way in which 
annexins interact with phospholipid membranes. In ex- 
periments using artificial lipid bilayers, the interaction 
between annexins and membranes depends on four key 
variables; these are the phospholipid composition of the 
bilayer, the concentration of the annexin, the concentra- 
tion of Ca 2+ , and the transmembrane voltage (125). For 
ion channel activity to occur, the annexin must first bind 
to the membrane, and then some poorly understood gat- 
ing process must follow that leads to Ca 2+ flux. Because 
the first step depends on the availability of free Ca 2+ , the 
observation that as Ca 2+ concentration increases the 
Ca 2+ channel activity decreases may appear counterintui- 
tive. However, a Ca 2+ binding site in the proposed chan- 
nel makes the current-voltage curve for annexin A5 non- 
linear (253), and it is established that annexin A5 becomes 
more tightly membrane bound at elevated Ca 2+ levels and 
that this has the effect of stabilizing the membrane (104, 
210). For Ca 2+ channel activity to occur, membrane de- 
stabilization is required. In addition, several annexins dis- 
play anticooperativity of binding, such that as the protein 
concentration increases, so membrane binding decreases 
(125). Annexins also bind to membranes with higher af- 
finity at increasingly negative resting membrane poten- 
tials, although in the absence of Ca 2+ the membrane 
potential negativity required for annexin binding extends 
well out of the accepted physiological range. However, 
the requirement for a negative potential difference is re- 
duced as the free Ca 2+ concentration increases. In apply- 
ing a reductionist approach to the analysis of annexin ion 
channel activity and membrane binding, one should keep 
in mind that some of these variables may have little 
influence in vivo, whereas other factors (such as other 
divalent cations, posttranslational modifications, and co- 
factors) could well come into play. Also, when one con- 



siders the issue of annexin-specific channel activity, it is 
important to note that with regard to these four variables 
annexins behave quite differently. For example, whereas 
high free Ca 2+ concentration leads to tight binding of 
annexin A5 to membranes, this is not the case for either 
annexins A6 or A7. Thus, under conditions of high free 
Ca 2+ , annexins A6 and A7 display more Ca 2+ channel 
activity than annexin A5 (125). 

Recent studies have added a fifth key variable, 
namely, pH, to the parameters that govern the interac- 
tions between annexins and phospholipid membranes 
(see sect. nZ?). Several investigators have reported that 
mildly acidic pH favors the Ca 2+ -independent binding of 
annexins to phospholipid membranes (158, 168), and spin 
labeling experiments using derivatized recombinant Hy- 
dra annexin B12 showed that protonation led to gross 
changes in the structure of the protein, proposed to cor- 
respond to the assembly of transmembrane a-helices 
which form a new membrane-spanning molecule with a 
central hydrophilic pore (168) (Fig. 4). Subsequent exper- 
iments showed that at pH 5.0 and below, annexins A5 and 
B12 both label with a photoactivatable agent that parti- 
tions into the hydrophobic domain of a lipid bilayer and 
that both proteins form ion channels at low pH but not at 
neutral pH (138). Further studies supporting the idea that 
annexin B12 forms a transmembrane structure showed 
that when added to the opposite side of the bilayer to the 
purified annexin, pronase caused an increase to prean- 
nexin values in the conductance of the probe nonactin 
(289). The conclusion of these carefully controlled studies 
is that the pronase effect can only be explained if annexin 
B12 forms a structure that spans the lipid bilayer. The key 
points to emerge from these studies is that the pH-depen- 
dent insertion of annexins into lipid bilayers is reversible 
and that it is inhibited by free Ca 2+ . The reversibility is 
significant because it suggests that a dynamic equilibrium 
may exist between the soluble cytosolic annexin, the 
peripherally membrane-bound form, and the membrane- 
inserted form. At neutral pH it can be argued that the 
equilibrium is heavily biased away from the membrane- 
inserted form, which is consistent with reports that chan- 
nel activity for annexins, despite being widely reported at 
neutral pH, is actually exceedingly rare (125, 138). Despite 
the topographical appeal of this model, there is resistance 
to the idea that the tightly folded a-helical annexin core 
could unfold and insert into membranes. Nevertheless, 
molecular rearrangements of this sort are not unprece- 
dented because members of the Bel family of pro- and 
antiapoptotic proteins undergo similar pH-dependent in- 
sertion into acidic phospholipid bilayers (198, 268, 271). A 
second problem concerns the requirement for a pH <6.0 
to induce annexin membrane insertion, given that in 
healthy living cells the intracellular pH probably never 
falls below 6.5. 

In considering these problems there is a need to 
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interpret the findings of in vitro studies in terms of how 
annexins might function as ion channels in living cells. 
Thus, if annexin A5 does function as a Ca 2+ channel, the 
expectation might be that such an activity would be fa- 
vored under conditions of intracellular acidification and 
membrane hyperpolarization. In B lymphocytes, exposure 
to physiological concentrations of peroxide leads to a 
Ca 2+ influx accompanied by membrane hyperpolarization 
and intracellular acidification from pH 7.3 to pH 7.0. Other 
Ca 2+ mobilizing agonists such as thapsigargin or antibody 
to the B cell receptor do not change membrane polarity or 
cytosolic pH. Targeted disruption of the annexin A5 gene 
in B cells leads to loss of the Ca 2+ influx component of the 
peroxide response, but Ca 2+ responses to other agonists 
are unaffected in such cells (163). Significantly, this study 
also showed that in experiments using a photoactivatable 
agent to label annexin A5 in synthetic lipid bilayers, ex- 
posure of the protein to peroxide led to membrane inser- 
tion independently of any requirement for acidification. 
These results support a role for annexin A5 either as a 
Ca 2+ channel or as an essential signaling intermediate in 
a Ca 2+ influx pathway. Further cellular evidence for a 
Ca 2+ channel role for annexin A5 comes from studies on 
mineralizing chondrocytes (157). The deposition of new 
bone by chondrocytes is mediated by matrix vesicles, 
PS-rich structures with a proteinaceous core that binds 
Ca 2+ upon entry, to form calcium phosphate crystals. The 
Ca 2+ influx channels in matrix vesicles share many prop- 
erties with annexin A5 Ca 2+ channels in vitro. Thus both 
are blocked by Zn 24 ", activated by ATP, and inhibited by 
GTP, and maximal Ca 2+ influx is observed when annexin 
A5 is associated Ca 2+ -independently with the vesicles (4). 
These studies, together with those in B cells, provide 
evidence that annexin A5 may indeed function as a Ca 2+ 
channel under certain conditions. However, definitive 
proof may be difficult to obtain, and even if this is even- 
tually established, the question of whether or not annexin 
A5 functions as a peripherally bound or integral mem- 
brane protein may take longer to answer. 

C. Extracellular Annexin Activities 

Although annexins per se are intracellular proteins, 
i.e., they localize to the cytoplasm and/or intracellular 
organelles and lack signal sequences guiding them to the 
canonical secretory pathway, a number of properties have 
been attributed to extracellular annexins. Although it is 
still a mystery whether and to what extent regulated 
secretion of annexins can occur, the recent description of 
cell or extracellular matrix receptors for different annex- 
ins supports the physiological (or pathophysiological) 
meaning of such extracellular properties. The more re- 
cent findings along these lines will be summarized below. 
For a detailed and more complete account of extracellular 



annexin activities described in the past, the reader is 
referred to the review by Raynal and Pollard (244). 

1. Annexin Al and the control of inflammatory 
responses 

Annexin Al (lipocortin I) has long been suggested to 
function as a cellular mediator of anti-inflammatory glu- 
cocorticoids since its expression and secretion in several 
cell types is induced by glucocorticoids (see, for example, 
Refs. 46, 228, 308) and since exogenously administered 
protein exhibits anti-inflammatory activities in several an- 
imal models of inflammation (for reviews, see Refs. 85, 86, 
260). Although this effect has initially been attributed to 
the capability of annexin Al to inhibit PLA 2 thus the 
production of eicosanoids, it has become clear more re- 
cently that the anti-inflammatory activity of the protein is 
most likely due to interference with granulocyte recruit- 
ment, migration, and/or activation at sites of inflammation 
(for reviews, see Refs. 105, 221, 222). 

Inflammatory processes are characterized by a local- 
ized emigration of neutrophils and other leukocytes from 
the blood into the inflamed tissue. This process crucially 
depends on strictly regulated interactions between the 
leukocytes and the endothelial lining of the vessels rang- 
ing from leukocyte rolling on the endothelium to firm 
adhesion of the blood cells and finally their transendothe- 
lial migration (for reviews, see Refs. 176, 298). The tran- 
sition from rolling to firm adhesion of neutrophils requires 
their activation by soluble or surface-bound mediators 
like chemokines and other chemoattractants that also 
provide a gradient along which neutrophils navigate to- 
ward the site of inflammation. Glucocorticoids delay this 
extravasation of leukocytes, and several fines of evidence 
have implicated annexin Al as a central mediator of this 
glucocorticoid effect. In neutrophils adhering to activated 
endothelium, annexin Al is mobilized and externalized 
through an as yet unknown mechanism resulting in a 
downregulation of neutrophil transmigration (224). Most 
likely this is due to an inhibitory effect on transmigration 
of the released annexin Al, which has been described in 
vitro and in vivo with exogenously applied protein as well 
as peptides derived from the unique NH 2 -terminal domain 
of annexin Al (for reviews, see Refs. 105, 221, 222). Such 
NH 2 -terminal peptides typically covering residues 1-25 of 
the annexin Al sequence in their NH 2 -terminally acety- 
lated form (Acl-25), as well as the entire molecule, are 
also capable of restricting leukocyte migration and thus 
tissue damage in animal models of splanchic artery oc- 
clusion/rep erf usion and myocardial ischemia/reperfusion 
injury (56, 58). Thus in vitro systems as well as a number 
of animal models have proven the antimigratory effect of 
annexin Al (and the unique NH 2 -terminal peptides) on 
leukocyte extravasation, and the protective influence of 
the protein/peptides in several pathophysiological situa- 
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tions has sparked interest in their pharmacological po- 
tential. 

' Given these well-established effects of annexin Al on 
neutrophil extravasation, two questions arise. First, what 
is the mechanistic basis of the effect, and second, can 
endogenous annexin Al function as a modulator of leu- 
kocyte extravasation, e.g., by downregulating inflamma- 
tory responses to prevent chronic inflammation? To ex- 
plain the antimigratory effects, a direct action of 
extracellular annexin Al on leukocytes had long been 
postulated and indeed been proven in a number of stud- 
ies. Among other things, the NH 2 -terminal annexin Al 
peptide Ac 1-25 was shown to affect directly a number of 
neutrophil functions, and preincubation of neutrophils 
with the annexin Al peptide resulted in decreased migra- 
tion of these cells through untreated endothelial mono- 
layers (226, 331). Proteinaceous binding sites for annexin 
Al have been shown to exist on human monocytes and 
neutrophils as well as on monocytic U937 cells, with 
bound annexin Al in the latter case being colocalized and 
coimmunoprecipitated with a 4 j8 r integrins (75, 291). Com- 
pelling evidence has been obtained recently for a specific 
binding of annexin Al (and its NH 2 -terminal peptides) to 
the formyl peptide receptor (FPR) on neutrophils. FPR is 
a heptahelical, G protein-coupled receptor recognized by 
bacterial peptides of the prototype formyl-Met-Leu-Phe 
(fMLP) which are thought to provide the chemoattractant 
gradient for guiding neutrophils toward the site of bacte- 
rial infection. When employed in an in vitro transmigra- 
tion model, antagonistic fMLP peptides were shown to 
reverse the inhibitory effect of annexin Al (and its NH 2 - 
terminal peptide) on neutrophil transmigration, and ec- 
topically expressed FPR was specifically triggered by the 
annexin Al peptides (331). As the annexin Al peptides 
can also desensitize the FPR on neutrophils toward fMLP 
challenge, it appears that their inhibitory action on neu- 
trophil extravasation is based on their binding to and 
activation/desensitization of the FPR. Such a role of the 
FPR in mediating the anti-inflammatory effect of annexin 
Al has been corroborated by in vivo experiments employ- 
ing FPR knockout mice (225). FPR activation by annexin 
Al peptides can occur also in nonmyeloid cells leading, 
e.g., in human lung A549 cells, to the induction of acute 
phase protein expression, thus arguing for a more wide- 
spread role of the annexin Al-FPR interaction (U. Rescher, 
A. Danielczyk, A. Markoff, and V. Gerke, unpublished 
observations). 

Although this provides a mechanistic explanation for 
the pharmacological action of exogenously applied an- 
nexin Al (or NH 2 -terminal annexin Al peptides), it is not 
clear whether such scenarios could also hold true for 
endogenously released annexin Al. Regulated external- 
ization of annexin Al has been described for endotheli- 
um-adherent leukocytes (224, 291), but it is not clear 
whether the amounts released are sufficient to trigger the 



FPR. Moreover, with the mechanism of secretion un- 
known, it remains possible that the extracellular annexin 
Al stems at least in part from lysed cells. Thus we are in 
need of identifying in molecular terms a system promot- 
ing regulated annexin Al release. The protein does not 
follow the classical secretory pathway because its release 
is not inhibited by brefeldin A, monensin, or nocodazole 
(228). However, in neutrophils, some annexin Al colocal- 
izes with gelatinase in gelatinase storage granules, and 
this appears to be released to the cell surface upon adhe- 
sion of the neutrophils to endothelial monolayers (223). 
Nonetheless, it is not clear how the protein reaches the 
lumen of the granules and whether this relates to the 
Ca 2+ -dependent secretion of annexin All in activated 
human neutrophils, which was described recently in a 
proteomic approach (25). Whatever model is favored, for 
active secretion to occur the transport of annexin Al 
across the bilayer (that of the plasma membrane or of 
internal membranes of secretory organelles) is required, 
and it is not yet clear how that can happen. In this 
context, the pH-induced conformational change allowing 
annexin Al to insert into the bilayer (see above) might be 
hypothesized, but it remains to be shown whether such 
insertion (possibly followed by a release at the other side 
of the bilayer) can occur under physiological conditions 
met in cells. 

2. Extracellular activities of other annexins 

This section focuses on recent developments relating 
to extracellular activities of annexins A2 and A5. Extra- 
cellular annexin A2 has been described as a surface- 
bound receptor for a number of different molecules, in- 
dicating that it might act as a more general surface anchor 
and not as a specific receptor of a given ligand. Best 
studied is probably the interaction of elements of the 
plasmin/plasminogen activator system with annexin A2 
present on the surface of endothelial cells. Annexin A2 
binds both plasminogen and the tissue plasminogen acti- 
vator (tPA), with the former interaction being inhibited by 
the atherogenic lipoprotein A and the latter being blocked 
by homocysteine (for review, see Ref. 114). The tPA bind- 
ing site on annexin A2 has been mapped to the Non- 
terminal domain and encompasses residues 7-12. This 
sequence contains an accessible cysteine residue at posi- 
tion 8 (142), and it is this cysteine that is derivatized by 
homocysteine leading to the reduction in tPA binding 
(112). Thus annexin A2 present on the surface of endo- 
thelial cells could play a role in fibrinolytic surveillance by 
anchoring key components of the fibrinolytic cascade. 
Increased homocysteine levels would interfere with this 
annexin A2 action, thus providing a possible explanation 
for a link between increased homocysteine levels and the 
risk of atherogenesis (113). The antithrombogenic action 
of annexin A2 could also be directly associated with the 
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hemorrhagic disorder in patients suffering from acute 
promyelocyte leukemia, as will be discussed below. 
However, we have to take into account that annexin A2 is 
probably not the only cell surface receptor for tPA on the 
endothelium (90). Moreover, in addition to binding to tPA 
and stimulating the conversion of plasminogen to plas- 
min, annexin A2 (in complex with its S100A10 ligand) can 
also inhibit the plasmin-mediated lysis of fibrin polymers 
and can inhibit plasmin activity by stimulating its auto- 
proteolytic digestion (41, 42, 82). Thus the relation be- 
tween extracellular annexin A2 and the regulation of 
thrombogenesis is likely to be complex. 

Annexin A2 present on the surface of endothelial 
cells has also been described to represent the binding site 
for j8 2 -glycoprotein I, a phospholipid-binding protein from 
plasma known as an autoantigen in the antiphospholipid 
antibody syndrome. This interaction indicates that the 
association of ^-glycoprotein I with endothelial cells is 
not mediated directly by phospholipids but depends on 
annexin A2 (186). Other ligands for cell-surface bound 
annexin A2 are procathepsin B (on human breast carci- 
noma and glioma cells) (187) and a vitamin D analog that 
appears to use annexin A2 as a receptor on rat osteoblast- 
like cells with the interaction being inhibited by Ca 2+ (12, 
13). It is not clear whether and how this relates to the 
finding that gene expression of annexin A2 itself is up- 
regulated by 1,25-dihydroxyvitamin D 3 and that extracel- 
lular annexin A2 stimulates the proliferation of osteoclast 
precursors by activating T cells to secrete granulocyte- 
macrophage colony stimulating factor (194). However, as 
already discussed above for annexin Al, it remains to be 
shown whether, how, and to what extent annexin A2 is 
actively exported from, for example, endothelial cells and 
whether such export can be regulated under physiological 
conditions. Moreover, for annexin A2 acting as a cell 
surface receptor, it requires anchoring on or in the cell 
membrane, the mechanism for which has so far not been 
elucidated. 

Several functions have also been proposed for extra- 
cellular annexin A5. It was originally described as an 
anticoagulant protein, and this activity most likely de- 
pends on its Ca 2+ -regulated binding to anionic phospho- 
lipids, possibly those exposed on the surface of activated 
platelets or endothelial cells. This binding could interfere 
with the accessibility of such sites for coagulation factors, 
thereby preventing their local accumulation/activation 
(for review, see Ref. 244). More recently, antibody-medi- 
ated inhibition of an anticoagulant property of annexin A5 
has been proposed to occur in recurrent pregnancy losses 
observed in patients with antiphospholipid syndrome (for 
review, see Ref. 240). As discussed in detail in section v, 
annexin A5 binds to the apical surface of placental syn- 
cytiotrophoblasts and by shielding these coagulation-pro- 
moting surfaces could be important for the maintenance 
of blood flow through the placenta. Anti-annexin A5 anti- 



bodies that are found in patients with antiphospholipid 
syndrome (and also in the sera of patients suffering from 
systemic lupus erythematosus, Ref. 266) decrease the 
ability of annexin A5 to form a shield on the trophoblast 
surface and could thus cause placental thrombosis (240, 
241, 243, 333). In vitro annexin A5 was also shown to 
interact with the NH 2 -terminal (extracellular) domain of 
polycystin 1, the major protein affected in autosomal 
dominant polycystic kidney disease, although the in vivo 
relevance of this interaction remains to be established 
(A. Markoff, N. Bogdanova, U. Rescher, F. Qian, B. Dwor- 
niczak, G. Germino, Y. Horst, and V. Gerke, unpublished 
observations). Moreover, the protein is capable of binding 
to components of the extracellular matrix, in particular 
types II and X collagens. Such binding could relate to the 
finding that annexin A5 (as a Ca 2+ channel, see above) 
affects the Ca 2+ uptake in chondrocyte-derived matrix 
vesicles in a manner depending on the binding to collag- 
ens types II and X (for review, see Ref. 329). The annexin 
A5 knock-out models underway should answer the ques- 
tion whether annexin A5 has a crucial role to play in such 
processes. 

D. Annexin Transgenesis and Targeted Gene 
Disruption 

Modulation of gene expression by either transgenic 
expression or targeted gene disruption has been used in 
many species to gain insight into protein function. Given 
the historical difficulty of assigning functions to annexins, 
it is perhaps surprising that such studies appeared rela- 
tively recently in the annexin literature. This might have 
been partly due to the expectation that annexins would be 
discovered in yeast, in which genetic manipulation is 
facile, or could reflect an unwillingness by funding agen- 
cies to support what are seen to be risky projects. Despite 
the absence of annexins in yeast, the presence of annex- 
ins in roundworms and insects leads one to hope that 
eventually mutants will be established in these organisms 
that might give clues to function. Indeed, the first genetic 
experiment involving annexins reported that disruption of 
annexin CI in Dictyostelium did not lead to any adverse 
effects when cells were cultured under normal conditions 
(71). However, the cells were significantly disadvantaged 
when cultured in low external Ca 2+ , exhibiting defects in 
growth, motility, and chemotaxis, observations that sup- 
port a role for annexin CI either as a Ca 2+ mediator or as 
a regulator of Ca 2+ homeostasis (72). The only transgenic 
studies reported to date describe the effects of overex- 
pression of annexin A6 targeted to cardiomyocytes. These 
animals display left ventricular dilation and cardiomyop- 
athy and die of heart failure at a relatively young age. 
Studies on isolated cardiomyocytes from young animals 
revealed that overexpression of annexin A6 was associ- 
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ated with a lower resting level of cytosolic Ca 2+ and 
smaller Ca 2+ spikes associated with attenuation of con- 
tractility when the cardiomyocytes were electronically 
paced (109). These results correlate inversely with studies 
on annexin A6 expression in failing human hearts (de- 
scribed in sect. vA2). Perhaps unexpectedly in view of 
these results, annexin A6 null mutant mice are healthy 
and fertile and fail to exhibit any cardiovascular defects 
with regard to heart rate, blood pressure, and circulatory 
collapse in response to endotoxic shock (121). However, 
in certain respects, the mouse is not an ideal model for 
human cardiovascular function, partly because the mouse 
heart beats almost maximally so that any "enhancement" 
in cardiomyocyte contractility would be difficult to de- 
tect. Indeed, in isolated cardiomyocytes from annexin A6 
knock-out mice in which contraction rate can be regu- 
lated, significantly increased mechanical properties 
linked to altered Ca 2+ handling are observed, when com- 
pared with cells from wild-type littermates (G. Song, 
S. E. Moss, and M. Duchen, unpublished observations). 

The lack of an overt phenotype in annexin A6 knock- 
out mice contrasts with studies on annexin A7. Targeted 
disruption of annexin A7 in mice led to embryonic lethal- 
ity at day 10 due to cerebral hemorrhage. Mice heterozy- 
gous for the mutation are viable and fertile but have 
defects in insulin secretion, although the insulin content 
of islet cells is considerably higher than in wild-type mice 
(299). Investigation of this phenotype revealed that ex- 
pression of the inositol 1,4,5-trisphosphate (InsP 3 ) recep- 
tor was also reduced, leading to the failure of InsP 3 to 
release intracellular calcium. Although this observation 
explains the phenotype and establishes a potential link 
between annexin A7 and Ca 2+ signaling, it is not clear 
why a partial reduction in annexin A7 expression levels 
should be accompanied by a parallel loss of InsP 3 recep- 
tor expression. In a separate annexin A7 gene knock-out 
project, the null mutant mice were found to be healthy 
and viable and no different from control mice with regard 
to glucose-stimulated insulin secretion, although cardio- 
myocytes isolated from these mice showed alterations in 
their frequency-induced shortening (122). However, as 
observed with annexin A6 knock-out mice, cardiomyo- 
cytes lacking annexin A7 manifested disturbances in pow- 
er-contraction frequency. Although there are other exam- 
ples of gene disruption studies in which different groups 
reported distinct phenotypes, and in the case of annexin 
A7 there were differences in design of targeting con- 
structs and disruption sites, reconciliation of the embry- 
onic lethality and minimal phenotype reported by these 
two groups represents a considerable challenge. In other 
ongoing studies, mice containing a targeted disruption of 
the annexin Al gene are reported to be viable and healthy 
(R. Flower, personal communication), and matings be- 
tween mice heterozygous for a disrupting mutation of the 
annexin A5 gene yield viable pups (K. von der Mark and E. 



Poschl, personal communication). Although systematic 
analysis of annexin null mutant mice is therefore still at 
an early stage, these preliminary observations exemplify 
not only the potential value of gene knockout in exploring 
annexin function, but also the need to keep an open mind 
with regard to the interpretation of phenotype. 

V. ANNEXINS AND HUMAN DISEASE 

A. Disorders of the Heart and Circulation 

1. Annexins and cardiovascular biology 

As yet, no human diseases have been described in 
which a mutation in an annexin gene is a primary cause. 
However, there is evidence that through changes in ex- 
pression, properties, or localization, annexins may con- 
tribute to the pathophysiology of disease phenotypes. The 
most striking examples of these secondary effects have 
been termed "annexinopathies" (239) and are character- 
ized by dysregulation of what may be the normal: anti- 
thrombotic properties of extracellular annexins. As dis- 
cussed earlier, annexin A2 on the surface of vascular 
endothelial cells can act as a receptor for tPA, so its 
presence would favor a thrombolytic environment and 
might therefore make a positive contribution to the over- 
all health of the vasculature. Conversely, changes in en- 
dothelial cell behavior leading to reduced cell surface 
expression of annexin A2 or metabolic changes that 
chemically modify annexin A2 could be hypothesized to 
lead to predisposition to cardiovascular disease. Of nu- 
merous risk factors implicated in atherothrombotic vas- 
cular disease, elevated plasma homocysteine is of partic- 
ular relevance. Homocysteine is a metabolic derivative of 
dietary methionine and was shown to incorporate into the 
NH 2 terminus of annexin A2 replacing Cys-8, a key resi- 
due in mediating the tPA processive activity of annexin A2 
(113). In this study, substitution of Cys-8 with homocys- 
teine led to a —65% loss in tPA binding capacity, consis- 
tent with the development of reduced thromboresistance 
in homocysteinemic individuals. A second risk factor with 
a well-established link to cardiovascular disease is oxida- 
tive stress. In a recent study, annexin A2 was identified as 
a major cellular target for glutathiolation in response to 
oxidative stress induced by hydrogen peroxide or TNF-a. 
Interestingly, the reactive cysteine identified as the target 
for glutathione in this study was again Cys-8 in the an- 
nexin A2 NH 2 terminus (304). A third risk factor shown in 
epidemiological studies to be linked to cardiovascular 
disease is alcohol consumption, although the effect of 
moderate intake is protective rather than deleterious. One 
recent study reported that vascular endothelial cells cul- 
tured in the presence of low concentrations of ethanol 
exhibited a doubling of cell surface fibrinolytic activity 
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that correlated with a sustained increase in annexin A2 
mRNA and protein (306). Although these studies do not 
prove that annexin A2 is directly involved in the devel- 
opment of or susceptibility to cardiovascular disease, 
they support the idea that metabolic changes known to 
influence risk could be mediated at least in part by 
chemical modifications in and transcriptional regulation 
of annexin A2. 

2. Heart disease 

Because of the importance of Ca 2+ homeostasis in 
the heart, and the abundance of annexins A2, A5, and A6 
in cardiomyocytes and the supporting cellular infrastruc- 
ture, there is considerable interest in elucidating the roles 
of cardiac annexins. Immunocytochemical studies identi- 
fied annexins A5 and A6 in both myocytes and nonmyo- 
cytes in a variety of species, and most of these reported a 
concentration of annexin A5 with the sarcolemma and Z 
line in cardiomyocytes (141, 183, 191, 317, 332) and a 
preferential localization of annexin A6 with the sarco- 
lemma and intercalated disks (184, 191, 317). In addition, 
annexin A5 has been reported to be localized to the 
nucleus and nuclear membrane in neonatal differentiating 
myocytes and becomes associated with the sarcolemma 
only in terminally differentiated adult cells (183). In a 
parallel study, annexin A6 was found colocalized with 
uncharacterized subcellular structures in neonatal myo- 
cytes and was only associated with the sarcolemma in 
adult cells (184). Although the function of cardiac annexin 
A5 is not known, the benzodiazepine derivative K201, 
which blocks the Ca 2+ channel activity of annexin A5 in 
vitro (150), has been shown to protect the myocardium 
against the cytotoxic effects of Ca 2+ associated with isch- 
emia/reperfusion ii\jury (110). 

Several other lines of evidence suggest that annexins 
have important functions in the heart. The most striking 
of these is the demonstration that cardiomyocyte-specific 
overexpression of annexin A6 in transgenic mice leads to 
hypertrophy and heart failure (109) (see also sect ivD). 
This study prompted several investigations into annexin 
expression in heart disease, both in a variety of animal 
models and also in humans with end-stage heart failure. 
The picture that emerges from these studies is that the 
expression levels of annexins A2, A5, and A6 are largely 
unaffected during ventricular hypertrophy (141), but that 
during end-stage heart failure the levels of annexin A6 fall 
in cardiomyocytes whereas those of annexins A2 and A5 
rise (292). Other investigators reported similar rises in 
annexins A2 and A5 during heart failure, but restricted to 
nonmuscle cells (18), and also elevation of annexin A6 in 
interstitial tissue (317). The significance of these changes 
is not clear, but given that overexpression of annexin A6 
reduces the contractility of cardiomyocytes (109) and that 
the opposite effect is observed in annexin A6 null mutant 



mice (Song et al, unpublished observations), it is possible 
that downregulation of annexin A6 during heart failure is 
a form of molecular compensation that favors improved 
cardiomyocyte function. 

3. Annexins as anticoagulants 

As discussed in section vAZ, there is growing evidence 
that annexin A2 has an antithrombotic role at the endothelial 
cell surface. More direct evidence for the involvement of 
annexin A2 in disease pathology emerged from studies on 
leukemic cells from patients with acute promyelocytic leu- 
kemia (APL). Patients with APL exhibit an increased ten- 
dency to hemorrhagic diathesis and respond well to treat- 
ment with all-Jrarzs-retinoic acid. APL leukocytes were 
found to strongly overexpress annexin A2 at the cell surface 
and also to stimulate the generation of plasmin from tPA 
twice as efficiently as other leukemic cells (195). Plasmin 
generation was blocked by anti-annexin A2 antibodies and 
could be induced in non-APL cells by ectopic expression of 
annexin A2. Moreover, exposure of APL cells to a]\-trans- 
retinoic acid led to a marked reduction in annexin A2 mRNA 
and protein which correlated with diminished tPA binding. 
This study provides the clearest evidence so far for any 
member of the annexin family having a direct role in the 
pathophysiology of a human disease. 

Like annexin A2, annexin A5 has also been suggested 
to have an antithrombotic role that becomes compro- 
mised in disease. However, whereas annexin A2 appears 
to function as an intermediary in the fibrinolytic cascade, 
annexin A5 has been proposed to have a more direct role, 
by forming a molecular shield that insulates the apical 
surfaces of placental villi from the activities of circulating 
coagulant proteins. Anticoagulant activity is a feature of 
all Ca 2+ binding annexins and can be explained by simple 
Ca 2+ -dependent sequestration of the phospholipid matrix 
with which procoagulant factors interact. In this respect, 
annexins behave in exactly the same way as when first 
described as inhibitors of PLA 2 , since the enzyme also 
requires both Ca 2+ and phospholipid as cof actor and 
substrate, respectively. Although this type of anticoagu- 
lant activity and PLA 2 inhibition have long been viewed as 
purely in vitro properties of annexins, there is now evi- 
dence that the anticoagulant activity of annexin A5 might 
be of biological importance in the recurrent pregnancy 
losses associated with antiphospholipid syndrome (240). 
A diagnostic observation in patients with antiphospho- 
lipid syndrome is the presence in the serum of antibodies 
against a range of proteins or phospholipids, including 
annexin A5, prothrombin, cardiolipin, j3 2 -glycoprotein-I, 
and phosphatidylethanolamine (78, 314), and a number of 
studies suggest that displacement of the annexin A5 
shield by anti-annexin A5 antibodies is causative in the 
generation of a thrombogenic environment and conse- 
quent fetal loss. For example, displacement of annexin A5 
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from the syrtcytiotrophoblast surface with either specific 
antisera or Ca 2+ chelator (242) leads to accelerated co- 
agulation of plasma, and in a mouse model, infusion of 
anti-annexin A5 antibodies led to placental infarction and 
pregnancy wastage (333). However, not all investigators 
take the same view. Several clinical studies failed to 
detect either anti-annexin A5 antibodies (278) or any 
changes in expression or localization of annexin A5 (166) 
in women with pregnancy loss associated with antiphos- 
pholipid syndrome. Another study found no evidence that 
displacement of annexin A5 using antiphospholipid anti- 
bodies increased the thrombogenicity of the cell surface 
(21). If annexin A5 really does have a protective function 
in the placenta as an anticoagulant, the mechanism of its 
activity is likely to be considerably more complex than 
proposed in current models, suggesting that the protein 
forms an antithrombotic shield in two-dimensional crys- 
talline arrays on the exposed phospholipid surface. 

B. Annexins and Physiological Stress 

Physiological stress occurs at the cellular level in 
many disease states and is typically associated with the 
activation of certain signaling pathways, changes in cell 
morphology and activity, and modulation of gene expres- 
sion. Many of these changes can be induced in normal 
cells by using osmotic, temperature, and oxidative shock, 
and new research suggests that members of the annexin 
family may be involved in the cellular response to stress. 
Annexin Al was reported to have chaperone activity in in 
vitro experiments in which the purified protein was dem- 
onstrated to protect the enzymes citrate synthase and 
glutamate dehydrogenase from heat inactivation (155). 
Furthermore, heat shock, hydrogen peroxide, and sodium 
arsenite were all demonstrated to induce expression of 
annexin Al and also translocation of the protein from the 
cytosol to the nucleus in A549 and HeLa cells (250). The 
same set of agonists also activated the annexin Al gene 
promoter in experiments using a reporter gene. Other 
annexins have also been shown to be regulated by cyto- 
toxic stress. For example, annexin A4 was shown to be 
induced in human non-small-cell lung carcinoma cells by 
the antimitotic drug paclitaxel and to concentrate in the 
nuclei of stressed cells (117). The correlation between 
annexin translocation to the nucleus and cellular stress 
extends to annexin A5, which exhibits the same behavior 
in primary cultures of vascular endothelial cells grown 
under conditions of mild hyperoxidative stress (S. M. Sa- 
cre and S. E. Moss, unpublished observations). Annexin 
A5 has also been identified in a screen for proteins in- 
duced by hypoxic stress in cultured human cervical epi- 
thelial cells (65). Annexin A2 was also found to be in- 
duced by hypoxia in this study and by hyperoxidative 
stress in a model of renal cell carcinoma (307). Thus, at 



least in certain cell types, annexins A2 and A5 appear to 
be upregulated by changes in cellular redox state, irre- 
spective of whether these tend toward a more reducing or 
a more oxidative environment. The idea that members of 
the annexin family might have stress-related functions is 
also supported by studies in plants (100, 162, 310). One of 
these studies reported that an annexin from Arabidopsis 
thaliana possesses catalase activity and that expression 
of this annexin restored the ability of a delta oxyR mutant 
strain of E. coli to grow in the presence of peroxide (100). 
Although such enzyme activity has never been convinc- 
ingly demonstrated for any animal annexin, there is grow- 
ing evidence that annexin function may be directly influ- 
enced by oxidative and perhaps other stresses. Annexin 
A2 is glutathiolated in HeLa cells exposed to peroxide 
(304), annexin A6 has been reported to contribute to the 
Ca 2+ signal in macrophages exposed to peroxide by dis- 
sociation from the plasma membrane (130), and targeted 
disruption of the annexin A5 gene in B cells leads to loss 
of the Ca 2+ influx response to peroxide (163). Mechanical 
stress has also been shown to influence annexin behavior. 
Relaxation of human foreskin fibroblasts grown on colla- 
gen matrices led to the enrichment of annexins A2 and A6 
with shed membrane vesicles (173), and mild hyperosmo- 
lar shock leads to the association of GFP-tagged annexin 
A2 with mobile endocytic vesicles in rat basophilic leu- 
kemia cells (196). Collectively, these studies suggest that 
physiological stress may be important in the regulation 
not only of annexin gene expression but also the activities 
and intracellular localization of at least some annexins. 

C. Annexins and Cancer 

Annexins Al and A2 were first discovered as major 
cellular substrates for phosphorylation on tyrosine by the 
EGF receptor and the transforming gene product of the 
Rous sarcoma virus, respectively, implicating these pro- 
teins in signaling pathways known to be subverted or 
involved in cancer. Nevertheless, evidence in support of 
causative roles for any annexin in the development of 
cancer or in cell transformation is still mainly circumstan- 
tial. Recent studies have reported a correlation between 
the level of annexin Al expression in RAW 264.7 macro- 
phages and the cellular responsiveness to lipopolysaccha- 
ride (LPS) of components of the mitogen-activated pro- 
tein (MAP) kinase pathway (1). Cells expressing reduced 
levels of annexin Al exhibited potentiation of LPS-in- 
duced MAP kinase activation, with elevated annexin Al 
expression having the inverse correlation. A similar inves- 
tigation reported a correlation between annexin Al ex- 
pression and mobilization of intracellular Ca 2+ in MCF-7 
breast carcinoma cells (89). In this case, overexpression 
of annexin Al led to abrogation of Ca 2+ release after 
activation of purinergic or bradykinin receptors, whereas 



Physiol Rev • vol 82 • april 2002 • www.prv.org 



362 



VOLKER GERKE AND STEPHEN E. MOSS 



downregulation of annexin Al using antisense had the 
converse effect Another recent study provided evidence 
that annexin Al overexpression in rat 2 fibroblasts leads 
to direct inhibition of cytosolic PLA 2 , which in turn de- 
presses the serum response element of c-fos (215). These 
authors also used deletion mutants to map the functional 
site in annexin Al to a domain comprising the first con- 
served annexin repeat. Collectively, these studies all im- 
ply a growth-suppressive role for annexin Al despite the 
apparent mechanistic diversity underlying each case. The 
difficulty comes in reconciling the reported effects of 
annexin Al on MAP kinase signaling, c-fos induction, and 
Ca 2+ mobilization to a single function. Does annexin Al 
really regulate signal transduction pathways via interac- 
tions with multiple cellular targets, or can these observa- 
tions be explained by a more general effect of annexin Al 
on Ca 2+ signaling or endocytosis? And, the conclusions of 
these studies are not supported by work showing that 
annexin Al is strongly upregulated in a prostate cancer 
cell line (324), esophageal cancer (74), a stomach cancer 
cell line (283), mammary adenocarcinoma (220), and 
hepatocarcinoma (62). Interestingly, the latter study also 
showed that annexin Al is upregulated during normal 
hepatocyte proliferation after partial hepatectomy and 
that the proliferative "rate of both normal and malignant 
hepatocytes was attenuated by antisense to annexin Al. 
These results suggest a link between annexin Al and cell 
proliferation, rather than malignant transformation per 
se, and they suggest that cell growth is associated with 
elevated rather than reduced levels of annexin Al. It must 
be hoped that clarification of these apparently contradic- 
tory lines of evidence will come from analysis of annexin 
Al null mutant mice. 

Other annexins have also been linked with cell 
growth and transformation, frequently in studies using 
similar experimental designs to those described above for 
annexin Al. For example, overexpression of annexin A5 
in MCF-7 cells leads to inhibition of phorbol ester-medi- 
ated activation of the MAP kinase pathway (264), and 
heterologous expression of annexin A6 at physiological 
levels in human A431 carcinoma cells leads to inhibition 
of growth factor-mediated Ca 24 " influx (84) arid slower 
tumor growth in mice (309). Interestingly, the correlation 
between expression of annexin A6 and growth suppres- 
sion extends to melanoma, where a genetic screen iden- 
tified annexin A6 as a protein downregulated in the tran- 
sition from a nonmetastatic to a metastatic phenotype 
(87). A similar result was recently obtained for annexin 2, 
which appears to be downregulated in prostate cancer 
(39), and annexin A7, which is expressed at low levels in 
the most metastatic malignant melanomas (153). Interest- 
ingly, a recent study examining loss of heterozygocity 
(LOH) at the annexin A7 locus in prostate cancer speci- 
mens identified this LOH in 35% of the primary prostate 
tumors. Analysis of annexin A7 expression in prostate 



tumor microarrays revealed low levels of expression in 
metastatic and local recurrences of hormone refractory 
prostate cancer compared with primary tumors. More- 
over, the same study showed that ectopic expression of 
annexin A7 in two prostate tumor cell lines reduced cell 
proliferation and that heterozygous annexin A7 knock-out 
mice (+/-) have a more cancer-prone phenotype (300). A 
potential role of an annexin as tumor suppressor gene is 
not without precedent, since Theobald et al. (309) had 
reported that annexin A6 has tumor suppressor activity in 
human A 431 cells. 

The advent of global gene expression analysis using 
proteomics and DNA chip technology has also revealed 
changes in annexin gene expression in numerous cancers 
and other diseased or stressed cell states (36, 74, 283, 325, 
337). There are several searchable web sites reporting 
these findings, and for one of the most informative, inter- 
ested readers are referred to http://genome-www.stan- 
ford.edu/ for the results of the NC160 Cancer Microarray 
Project. Some of the most striking findings here include 
upregulation of annexin A5 in melanomas and annexin A9 
in prostate and colon cancers and downregulation of 
annexin A5 in leukemias and annexin Al in prostate can- 
cers. Correlations of this type are intriguing and suggest 
that changes in the levels of expression of certain annex- 
ins may influence patterns of cellular behavior, such as 
motility, invasiveness, and proliferative rate, without ac- 
tually initiating the transformation process. As such, an- 
nexins may yet prove to have therapeutic potential in the 
treatment of malignant disease. 

VI. CONCLUSION 

Annexins comprise a multigene family of Ca 2 ^regu- 
lated membrane binding proteins that has evolved into 
different branches with members expressed widely 
throughout the animal and plant kingdoms. The con- 
served Ca 2+ /membrane binding unit present in all annex- 
ins (the core domain) can be viewed as a tool invented by 
nature to peripherally dock proteins to membranes. Such 
docking can occur at high density, possibly enabling the 
annexins to organize membranes, e.g., by assembling in- 
teracting phospholipids into certain domains, or at low 
density, under which circumstances annexins may in- 
crease membrane permeability. Membrane insertion 
shown for some annexins to occur in vitro at lower pH 
might follow such peripheral association, but conditions 
possibly inducing this in vivo and potential physiological 
consequences still need to be established. The second 
principal annexin domain located at the NH 2 -terminal end 
is unique for a given member and specifies or fine-tunes 
its intracellular (in some cases also extracellular) inter- 
actions with certain target membranes or protein ligands. 
Such interactions may either affect annexin properties or 
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may be affected by annexin binding. The basis of annexin 
function as a whole most likely resides in their unique 
mode of membrane interaction, which in turn can influ- 
ence a number of membrane-related events, e.g., mem- 
brane traffic and the organization of compartment mem- 
branes and the plasma membrane. Through their apparent 
ability to organize, perturb, or integrate into membranes 
with which they interact, annexins may therefore have 
roles as effectors, regulators, and mediators of Ca 2+ sig- 
nals. Such biological activities have now been shown for 
some annexins, and further knockout as well as mutant 
models are under development to decipher the roles of 
other members of the family. However, we still have a 
long way to go to understand the precise functions of 
individual annexins. Redundancy in the family coupled to 
the problem of dealing with scaffolding or structural func- 
tions for many annexins will demand imaginative experi- 
mental approaches and rigorous objectivity in the inter- 
pretation of the results. 
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Because pemphigus vulgaris (PV) IgGs adsorbed on 
the rDsg3-Ig-His baculoprotein induced blisters in neo- 
natal mice, it was proposed that anti-desmoglein 3 (Dsg 
3) autoantibody causes PV. However, we found that 
rDsg3-Ig-His absorbs autoantibodies to different anti- 
gens, including a non-Dsg 3 keratinocyte protein of 130 
kDa. This prompted our search for novel targets of PV 
autoimmunity. The PV IgG eluted from a 75-kDa kerati- 
nocyte protein band both stained epidermis in a pem- 
phigus-like pattern and induced acantholysis in kerati- 
nocyte monolayers. Screening of a keratinocyte Agtll 
cDNA library with this antibody identified clones carry- 
ing cDNA inserts encoding a novel molecule exhibiting 
-40% similarity with annexin-2, named pemphaxin (PX). 
Recombinant PX (rPX-His) was produced in Escherichia 
coli Ml 5 cells, and, because annexins can act as cholin- 
ergic receptors, its conformation was tested in a cholin- 
ergic radioligand binding assay. rPX-His specifically 
bound t 3 H]acetylcholine, suggesting that PX is one of 
the keratinocyte cholinergic receptors known to be tar- 
geted by disease-causing PV antibodies. Preabsorption 
of PV sera with rPX-His eliminated acantholytic activ- 
ity, and eluted antibody immunoprecipitated native PX. 
This antibody alone did not cause skin blisters in vivo, 
but its addition to the preabsorbed PV IgG fraction re- 
stored acantholytic activity, indicating that acantholy- 
sis in PV results from synergistic action of antibodies to 
different keratinocyte self-antigens, including both ace- 
tylcholine receptors and desmosomal cadherins. 



Pemphigus vulgaris (PV 1 ) is a potentially lethal disease of 
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skin adhesion in which keratinocytes (KC), the stratified epi- 
thelial cells comprising the epidermis, lose their ability to ad- 
here to one another (acantholysis) (1). Acantholysis leads to an 
intra-epidennal split and separation of the suprabasal epider- 
mal layer, which is clinically manifested by blistering that 
denudes skin and oral mucosa. Introduction of glucocorticoste- 
roids into the treatment of PV patients decreased mortality 
from 90 to 10% (reviewed in Ref. 2). Long-term corticosteroid 
therapy of PV patients is life-saving but causes severe side 
effects, including death (3, 4). This urges development of non- 
hormonal therapy of pemphigus acantholysis. The pathophys- 
iology of PV includes an array of IgG autoantibodies reacting 
with keratinocyte self-antigens with the apparent molecular 
mass ranging from 12 to 190 kDa (reviewed in Ref. 5), including 
a 130-kDa keratinocyte polypeptide (6, 7). The notion that 
autoantibodies are the main cause of PV stems from the fact 
that passive transfer of pemphigus, but not normal, IgGs to 
neonatal mice can induce skin lesions characteristic of PV (8). 
Using pemphigus antibodies eluted from the 130-kDa band as 
a probe, Amagai et al. (9) screened the human keratinocyte 
Agtll cDNA library and found that two of the clones recognized 
by these PV antibodies represented a novel desmosomal cad- 
herin termed desmoglein (Dsg) 3. The hypothesis that PV, a 
disease of skin adhesion, is caused by an antibody to Dsg 3, an 
adhesion molecule, prompted experiments toward elucidation 
of the biological effects of anti-Dsg 3 antibody. However, acan- 
tholysis could not be documented in keratinocyte monolayers 
treated with anti-Dsg 3 antibody. Several recombinant Dsg 3 
(rDsg3) proteins were produced and used to test if adsorbed 
antibodies can elicit skin blistering in neonatal mice upon 
passive transfer (10, 11). Although rDsg3 could absorb PV 
antibodies to Dsg 3, it failed to absorb all disease-causing 
antibody, and PV IgGs depleted of antibodies to Dsg 3 kept 
binding to KC in murine epidermis and inducing gross skin 
blisters (10, 12). Only creation of a chimeric baculoprotein that 
included both the extracellular epitope of Dsg 3 and an Fc 
portion of human IgGj could fulfill both goals: elimination of all 
disease-causing antibodies from pemphigus serum and induc- 
tion of gross skin blisters in neonatal mice injected with con- 
centrated eluants (13, 14). Explanations of this phenomenon 
include: 1) a possibility that the IgG portion rendered the 
rDsg3 with appropriate conformational epitope, which could be 
tested by crystallography; and 2) a possibility that the tertiary 
structure of the chimera mimicked non-Dsg 3 targets of pem- 
phigus autoimmunity, which could be tested by characterizing 
the antigenic profile of the eluted IgG. Neither possibility was 
tested. Recently, it has become evident that anti-Dsg 3 anti- 
body alone is not sufficient to cause skin blisters (15). A role for 
an autoantibody to another desmosomal cadherin, Dsgl, was 
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proposed to explain skin blisters in PV patients (16). However, 
well-documented cases of generalized disease in PV patients 
lacking Dsgl antibody (17) argued in favor of the existence of a 
yet unidentified disease-causing non-Dsgl/Dsg 3 antibody that 
could have been nonspecifically preabsorbed with rDsg3-Ig con- 
structs. Furthermore, intraperitoneal injection of the PV IgG, 
which did not have anti-Dsgl activity, into neonatal Dsg3 
knockout mice (i.e. Dsg3 nuU mice) resulted in gross skin blisters 
(5). It should be mentioned that neonatal Dsg3 nul1 mice lack the 
true PV phenotype, in that they do not develop spontaneous 
skin blisters (5, 18), which has already justified their use in 
passive transfer experiments by different research groups 
studying the nature of disease-causing PV antibodies (5, 15). 

Recently, we have compared antibodies eluted from rDsg3 
(rDsg3-His) and rDsg3-Ig (rDsg3-Ig-His), which were used in 
the original preabsorption experiments (10, 13, 14), and dem- 
onstrated that the two Dsg 3 constructs adsorb antibodies with 
different antigenic specificities (19). The PV IgGs eluted from 
rDsg3-His reacted predominantly with the 130-kDa protein 
band present in normal human KC in addition to a few weakly 
stained bands that varied among test PV sera. In marked 
contrast, the antibodies eluted from rDsg3-Ig-His recognized 
several different protein bands, including a non-Dsg 3 130-kDa 
band in the immunoblot of Dsg 3-/- keratinocyte proteins. 
Thus, crossreactivity of Dsg3-Ig-His with non-Dsg 3 antibodies 
explains how this chimeric baculoprotein could absorb all dis- 
ease-causing PV IgG. 

The vast majority of pemphigus patients develop antibodies 
that immunoprecipitate keratinocyte membrane proteins bind- 
ing the covalent cholinergic radioligand [ 3 H]propylbenzilylcho- 
line mustard ([ 3 H]PrBCM) (5) and compete with a cholinergic 
radioligand, [ 3 H] atropine, for binding to the cell membrane of 
intact human KC in culture (20). The nature of the acetylcho- 
line (ACh) receptoKs) targeted by PV autoimmunity remains to 
be determined. Addition to either muscarinic or nicotinic an- 
tagonists to keratinocyte monolayers in both cases results in 
acantholysis (reviewed in Refs. 21, 22), whereas cholinergic 
agonists stimulate cell-to-cell adhesion of KC, and can reverse, 
attenuate, or prevent acantholysis in keratinocyte monolayers 
when added to culture after, simultaneously with, or prior to 
PV IgG, respectively (20). The anti-acantholytic activity of cho- 
linergic agonists suggests a novel avenue for development of 
non-hormonal treatment of pemphigus. 

In this study, we demonstrate the nature of a novel target for 
non-Dsg 3 disease-causing PV IgG. Screening of the keratino- 
cyte cDNA expression library with PV IgG immunoaffinity- 
purified on a 75-kDa area of the immunoblotting membrane 
revealed a novel human annexin-like molecule, which we 
named pemphaxin (PX). We produced recombinant PX (rPX- 
His) and demonstrated that this protein acts as a cholinergic 
receptor in the radioligand binding assay with [ 3 H]ACh. PV 
IgG specifically recognized rPX-His, and preabsorption of PV 
sera with rPX-His eliminated the acantholytic activity that 
could be restored by adding back the anti-PX antibody eluted 
from the affinity column. Thus, disease-causing PV antibody 
identified PX, a novel human annexin that acts as a keratino- 
cyte cell surface receptor for ACh, and, therefore, may mediate 
known biological effects of this cytotransmitter on adhesion 
and motility of KC. 

EXPERIMENTAL PROCEDURES 

Sources of Sera and Tissue — The sera and IgG fractions were from 
well-established PV patients, and from healthy volunteers. This study 
had been approved by the University of California Davis Human Sub- 
jects Review Committee. The diagnosis of PV was made based on the 
results of both comprehensive clinical and histological examinations 
together with immunological studies, which included direct immuno- 
fluorescence (DIF), indirect immunofluorescence (IIF) on various epi- 



thelial substrates, immunoblotting, and immunoprecipitation, follow- 
ing standard protocols (23). The serum samples were stored frozen at 
-80 °C until use in experiments. The serum IgG fractions were isolated 
using 40% ammonium sulfate followed by dialysis with Ca 2+ - and 
Mg 2+ -free phosphate-buffered saline (PBS; Life Technologies, Inc., 
Gaithersburg, MD), lyophilized, and reconstituted in PBS as detailed 
elsewhere (5). The protein concentration was determined using the 
Micro BCA kit (Pierce). The samples of normal human neonatal fore- 
skins that were used to start keratinocyte cell cultures were trans- 
ported to the laboratory in culture medium, and the samples of normal 
human abdominoplasty skin that served as a source of keratinocyte 
membrane protein for immunoblotting were frozen immediately after 
harvesting. 

Immunoaffinity Purification of Acantholytic Anti-keratinocyte PV 
Antibody — The enriched fraction of human keratinocyte membrane pro- 
tein (5) was used as a substrate in immunoblotting experiments aimed 
at characterizing novel PV antigens. The epidermis was separated from 
the dermis by incubation in RPMI 1640 medium (Sigma), supplemented 
to contain 200 mM EDTA for 90 min at 37 °C and 5% C0 2 (24), and 
harvested into a 50-ml polyethylene centrifuge tube filled with ice-cold 
Tris-buffered saline (TBS), pH 7.4, that contained the following prote- 
ase inhibitors: 2 mM phenylmethylsulfonyl fluoride, 0.1 mg/ml bacitra- 
cin, 10 jtg/ml leupeptin, 10 u.g/ml soybean trypsin inhibitor, 10 jig/ml 
pepstatin A, and 10 ALg/ml chymostatin (all from Sigma). The epidermis 
was then washed three times by centrifugation, put on ice, and homog- 
enized with a PowerGen tissue-and-cell disrupter (Fisher Scientific, 
Santa Clara, CA) in the same buffer containing 20 mM Ca 2 *. Large 
organelles and epidermal debris were removed by centrifugation at 
2000 X g for 45 min at 4 °C, and the cell membrane fraction was 
pelleted from the supernatant by centrifugation at 80,000 X g for 1 h at 
4 °C. The pellet was solubilized in sodium dodecyl sulfate-polyacrylam- 
ide gel electrophoresis (SDS-PAGE) buffer containing 2% SDS and 5% 
/3-mercaptoethanol, boiled for 5 min, and cleared by centrifugation at 
40,000 X g for 1 h at 4 P C. Western blotting of SDS-PAGE-resolved 
proteins was performed as reported previously (5) with minor modifi- 
cations. Briefly, the proteins were separated on a 7.5% SDS-PAGE gel 
and transferred to an Immobilon-P membrane (Millipore Corp., Bed- 
ford, MA), which was blocked, first with 5% milk in TBS for 1 h at 37 °C 
and then with TBS containing 1% normal goat serum, 3% dried milk, 
and 0.05% Tween 20 (Sigma) overnight at 4 °C, and cut into 4-mm wide 
vertical strips. Each strip was exposed to a primary antibody, i.e. PV or 
normal human serum, for 1 h at room temperature and then washed 
thoroughly. The protein bands recognized by PV and normal human 
IgGs were visualized by biotinylated goat anti-human IgG antibody 
(Pierce) and developed using a biotin/avidin system (Vectastain ABC 
system; Vector Laboratories, Burlingame, CA). The specificity of bind- 
ing was determined in negative control experiments, in which the 
primary antibodies were omitted. The PV IgG fractions were isolated 
from the immunoblotting membrane areas that were recognized 
uniquely by PV IgG, but not normal human IgG, following a procedure 
described previously (25). Briefly, approximately 3-mm wide horizontal 
strips carrying a keratinocyte membrane protein with a particular 
molecular mass of ±3 kDa were cut out from the immunoblotting 
membrane and incubated overnight with PV serum diluted 1:5 in TBS 
containing 20 mM CaCl 2 , 0.05% Tween 20 (Sigma), and 1% non-fat skim 
milk to allow antibody binding. The strips were then washed thor- 
oughly, and the antibodies were eluted by a 3-min incubation at 37 °C 
in a solution containing 500 u\ of 20 mM sodium citrate, 1% milk, and 
0.05% Tween 20 (pH 3.2) and immediately neutralized by adjusting the 
pH to 7.4 with the 2 M Tris base. 

Immunofluorescence Screening Experiments — The IIF experiments 
testing the ability of PV IgG eluted from the strips of immunoblotting 
membranes to specifically stain KC in the tissue samples were per- 
formed as described previously (5) with minor modifications. Briefly, 4- 
to 8-mm cryostat sections of freshly frozen normal human skin, monkey 
esophagus, or murine skin were incubated overnight at 4 °C with the 
immunoaffinity-purified PV IgG fractions, after which the tissue sec- 
tions were washed and binding of primary antibody was visualized by 
incubating the tissue section with fluorescein isothiocyanate (FITC)- 
labeled goat anti-human IgG antibody (Pierce) for 1 h at room temper- 
ature. The specificity of antibody binding was demonstrated by omitting 
the primary antibody, which abolished the staining. The immunofluo- 
rescence images were obtained using a fluorescence microscope (Axio- 
vert 135, Carl Zeiss Inc., Thornwood, NY) with a charge-coupled device 
video camera (Photon Technology International, Monmouth Junction, 
NJ) attached. 

Cell Culture Screening Experiments — Acantholytic activity of the 
eluted PV IgGs, which stained the stratified epithelial substrate in a 
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pemphigus-like, "intercellular" pattern, were tested in the monolayers 
of normal human foreskin KC isolated from the epidermis and grown at 
37 °C in serum-free keratinocyte growth medium (KGM; Life Technol- 
ogies, Inc.) containing 0.09 mM Ca 2+ in a humid 5% C0 2 incubator, as 
detailed elsewhere (26). To observe changes in cell morphology, second 
passage KC were seeded into 6-well tissue culture plates at a cell 
density of 1 X 10 5 /well and grown to confluence (i.e. for 5-7 days) in 2 
ml of KGM per well. The monolayers were then fed with equal amounts 
of test PV (experiment) or normal human serum (control) IgG fractions, 
10 ^ml KGM, and returned to a 5% C0 2 incubator for a 12-h incuba- 
tion at 37 °C. After incubation, the cells were fixed with 3% glutaral- 
dehyde and stained with the trypan blue dye solution (Sigma), and the 
images of the experimental and control keratinocyte monolayers were 
captured using a camera-adapted light microscope (Olympus Corp., 
Lake Success, NY) 

Screening ofcDNA Library— Following standard procedures (27), the 
human keratinocyte Agtll cDNA library (CLONTECH, Palo Alto, CA) 
was screened with PV antibody that was immuno affinity-purified from 
a 75-kDa keratinocyte membrane protein band. Briefly, the host bacte- 
ria Y1090r- were grown overnight, infected with phages from the li- 
brary for 30 min, plated on Mg 2+ -contained agar plates, and grown 
overnight at 37 °C. Over 3 million plaques formed on the bacterial 
lawns were screened by lifting isopropyl-D-thiogalactoside (IPTG; 
Sigma) containing nitrocellulose filters (Millipore Corp.). After blocking 
with 3% dry milk (Sigma) in TBS, the filters were incubate for 2 h at 
room temperature with the immunoaffinity-purified antibody. The 
plaques specifically recognized by the antibody were visualized using 
horseradish peroxidase-conjugated goat anti-human IgG (Bio-Rad, Her- 
cules, CA). The positive plaques were isolated and rescreened until a 
single clone was isolated. The insert from isolated clones were amplified 
using a pair of cloning primers specific for the Agtll vector: ^'-ggggggg- 
taccggatccccggtcgacggtttccatatgg-3' (forward) and 5'-cccgggatccatatgg- 
taccaagcttatttttgacaccagacca-3' (reverse). The polymerase chain reac- 
tion (PCR) products were purified from the gel using the silica 
membrane spin-column technology (QIAquick Spin, Qiagen, Santa 
Clarita, CA) and sequenced in both directions with a pair of specific 
sequence primers: 5'-gactcctggagcccg-3' (forward) and 5'-ggtagcgaccg- 
gcgc-3' (reverse) using an automated DNA sequencing system (ABI 
Prism 377, Perkin-Elmer). Homology searches were run against the 
GenBank® nucleotide and protein sequence data bases using the 
BLAST search program from the National Center of Biological Infor- 
mation web site. The amino acid multiple sequence alignment was 
performed using Gene Jockey III software (Biosoft, Cambridge, UK). 
The cDNA insert was removed from the purified Agtll phagemid and 
subcloned into pBluescript vector (Stratagene, La Jolla, CA) for further 
characterization. 

PCR Experiments— PCR was performed as described by us elsewhere 
(5). Briefly, each reaction had a final volume of 50 /il containing the 
DNA templates, 1 X PCR buffer (Promega, Madison, WI); 0.2 mM each of 
dATP, dCTP, dGTP, dTTP; 2 units of Taq DNA polymerase (Promega); 
and 1 jiM each of the sense and antisense primers. The reaction mixture 
was first heated at 95 °C for 5 min and hot-started with 2 units of DNA 
Tag-polymerase (Life Technologies, Inc.) followed by 35 cycles (or 15 
cycles for cloning experiments) of denaturing at 95 °C for 60 s, anneal- 
ing at an appropriate temperature (optimized for primers used in each 
PCR) for 60 s, and extension at 72 °C for 120 s. In the final cycle, the 
extension was increased to 8 min. The PCR products were electrophore- 
sed. on 2% agarose gels containing 1 /xg/ml ethidium bromide and 
photographed under fluorescent UV illumination (Alphalmager 2000, 
Alpha Innotech Corp., San Leandro, CA). The size of the PCR product 
was estimated by using a 100- or a 250-bp DNA ladder standard (Life 
Technologies, Inc.). 

Expression of rPX-His in Escherichia coli — The expression vector 
pQE-30 (Qiagen), which is designed to express proteins containing a 
6xHis-tag at the N-terminal, was used to express rPX-His. The vector 
was linearized by digestion with the Sphl and Kpnl restriction enzymes 
for 1 h at 37 °C, then purified from an agarose gel, and incubated at 
37 °C with 5 units of alkaline phosphatase (Promega) to enhance the 
efficiency of ligation. cDNA from the PX Agtll clone was amplified by 
PCR with the following primers: 5'-ccgcatgcgatgacgatgacaaaat- 
gtctgtgactggcgggaagatggc-3' (forward) and 5'-cccgggatccatatggtac- 
caagcttatttttgacaccagacca-3' (reverse). The forward primer was de- 
signed to have an additional Sphl restriction site, which allows the 
insert to be ligated in-frame with the 6xHis gene of the pQE-30 vector. 
The PCR product was double digested with Sphl and Kpnl restriction 
enzymes and purified. Digested product was directionally cloned into 
unique Sphl and Kpnl sites in the multiple cloning site of the pQE-30 
vector. The ligated vector was used to transform E. coli expression 



strain M15 (Qiagen). Transformed cells were plated on a NYZ agar 
plate containing 25 jig/ml kanamycin and 100 jig/ml ampicillin and 
grown overnight. To verify the clone that produced the rPX-His protein, 
transformed bacterial colonies were blotted to a marked nitrocellulose 
filter and inversely placed on an IPTG-containing NYZ agar plate and 
grown for 4 h. The filter was then treated with denaturing buffer, 
neutralized, blocked with 3% non-fat milk in TBS and screened for 
colonies that produced rPX-His using anti-RGS-His monoclonal anti- 
body (Qiagen). Positive clones were selected from the original plate, and 
their plasmids were sequenced with a specific primer to confirm that 
the correct PX cDNA had proper frame and orientation. A representa- 
tive clone was inoculated into NYZ medium containing 25 ng/m\ kana- 
mycin and 100 ^g/m\ ampicillin. The culture was incubated, with shak- 
ing, at 37 °C until an of 0.6 was reached, and IPTG was added to 
a final concentration of 2 mM. Culture samples (2 ml each) were col- 
lected every hour during 4 h and centrifuged, and the bacterial pellets 
were dissolved in sample buffer and analyzed by SDS-PAGE with 
Coomassie Blue staining. 

Production and Purification of rPX-His — Large scale rPX-His pro- 
duction was performed in 1 liter of medium, as described above. The cell 
pellet was lysed at room temperature by stirring the pellet in a buffered 
solution containing 8 M urea, pH 8.0 (lysis solution). Once the solution 
became translucent, the cellular debris was removed by centrifugation 
at 40,000 X g for 1 h at 4 °C. The clarified supernatant was incubated 
with nickel-nitrilotriacetic acid-agarose resin (Ni-NTA, Qiagen) to cap- 
ture the His-tagged protein. The resin was washed with several vol- 
umes of buffered 8 M urea, pH 6.3, until a of about 0.001 was 
achieved, and loaded into a column. The rPX-His protein was eluted 
from the column using either denaturing or non-denaturing condition. 
The denatured rPX-His was eluted with a buffer containing 8 M urea, 
pH 5.9 and 4.5, resolved by SDS-PAGE, and analyzed by immunoblot- 
ting with PV IgG. Or, the immobilized rPX-His was first renatured over 
a period of 1.5 h in a linear 6 to 1 m urea gradient in 500 mM NaCl, 20% 
glycerol, 20 mM Tris-Cl, pH 7.4, containing protease inhibitors, and 
then eluted with a non-denaturing buffer containing 50 mM NaH 2 P0 4 , 
300 mM NaCl, and 250 mM imidazole, pH 8.0. The purified renatured 
rPX-His was used in the radioligand binding assays as well as for 
immunoaffinity purification of anti-PX PV antibody. 

Radioligand Binding Assays with rPX-His— Nitrocellulose filters 
(13-mm diameter, catalog no. HAWPO1300, Millipore Corp.) with a 
total protein capacity of 160 jigfcm 2 were placed into the bottom of each 
well of a bovine serum albumin-pretreated 24-well standard cell-and- 
tissue culture plate (Nalco Nunc International, Denmark). One jig of 
the affinity-purified rPX-His was diluted in 300 u\ of PBS and loaded 
into each filter for overnight incubation at 4 °C to allow complete 
absorption of rPX-His by the filter (determined in a series of prelimi- 
nary experiments by measuring the optical density at 280 nm of free 
rPX-His remaining in the solution). The membranes carrying rPX-His 
were blocked with 2% bovine serum albumin for 1 h at room tempera- 
ture, after which the plates were put on ice, washed three times with 
ice-cold PBS, and exposed in triplicate for 1 h to increasing, from 0 to 
1000 nM, concentrations of [ 3 H]ACh iodide (82.0 mCi/mmol, NEN Life 
Science Products, Boston, MA). Nonspecific binding was measured in 
parallel wells, in which the filters were exposed to the same increasing 
doses [ 3 H]ACh in the presence of 100-fold concentrations of non-labeled 
ACh iodide (Sigma). The filters were then washed thoroughly with 
ice-cold PBS, placed in 6-ml vials containing 5 ml of liquid scintillation 
mixture (Ecolite, ICN, Costa Mesa, CA), and their radioactivity was 
counted in the liquid scintillation counter (model 1409, Wallac Inc., 
Gaithersburg, MD). The specific binding was computed by subtracting 
the nonspecific binding from total binding, and the binding capacity 
(5 max ) and dissociation constant (K d ) were calculated using the ligand 
binding analysis software Prism (GraphPad, San Diego, CA). In a 
separate set of radioligand binding experiments, we investigated the 
ability of the cholinergic radioligand [ 3 H]PrBCM (5 mCi/mmol of the 
customized [ 3 H]PrBCM; NEN Life Products) to label rPX-His and the 
ability of the nicotinic agonist nicotine and the muscarinic agonist 
muscarine (both from Sigma) to abolish rPX-His labeling with 
I 3 H]PrBCM. Prior to the assay, [ 3 H]PrBCM was cyclized in 10 mM PBS 
at 30 °C for 20 min to activate the aziridinum ions (28). 

Immunoaffinity Purification and Characterization of Anti-PX PV 
IgG—PV sera were diluted 1:5 in Immunopure Gentle binding buffer 
(Pierce) and incubated overnight at 4 °C with rPX-His immobilized on 
Ni-NTA resin. The pass- through serum fraction was collected, and the 
IgGs were isolated using 40% ammonium sulfate precipitation followed 
by dialysis against Ca 2 *- and Mg^-free PBS. The rPX-His column with 
bound PV antibody was washed 10 times with TBS containing 300 mM 
NaCl, and the immunoaffinity-purified anti-PX IgG fraction was eluted 
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from the column by Immunopure Gentle elution buffer and desalted on 
a D-Salt Exellulose plastic desalting column (both from Pierce). The 
pattern of specific binding of the eluted antibody was examined by IIF 
on human skin and monkey esophagus. The antigenic profile of the 
eluted PV IgG was identified by immunoprecipitation of metabolically 
labeled human keratinocyte proteins (see below), which is considered 
the most sensitive and specific approach to characterize the antigenic 
specificity pemphigus antibodies (7). 

Metabolic Labeling of Cultured KC and Immunoprecipitation As- 
say — Second passage human foreskin KC were grown to approximately 
90% confluence, washed thoroughly with prewarmed (37 °C) PBS, in- 
cubated for 15 min at 37 °C in methionine- free Dulbecco's modified 
Eagle's medium (Life Technologies, Inc.) containing 15% newborn calf 
serum, and then exposed to 100 /j.Ci/ml [ 3S S] methionine (1000 Ci/mmol, 
Amersham Pharmacia Biotech, Arlington Heights, ID in 1.8 mM Ca 2+ 
labeling medium for 16 h in a humid, 5% C0 2 incubator at 37 °C. The 
keratinocyte monolayers were then washed thoroughly, and the cells 
were scraped with a rubber policemen; pelleted by centrifugation at 
300 X g for 5 min at 4 °C; resuspended in ice-cold 10 mM TBS containing 
0.025% NaN 3 , 20 mM Ca 2+ , 1% Nonidet P-40 (Amersham Pharmacia 
Biotech) and the protease inhibitors 1 mM iodoacetamide, 2 mM phen- 
ylmethylsulfonyl fluoride, 5 jig/ml leupeptin, 5 /utg/ml pepstatin A, and 
5 /xg/ml chymostatin; put on ice; and homogenized. Solubilized { 35 S]me- 
thionine-labeled proteins were separated by centrifugation at 40,000 X 
g for 60 min at 4 °C and used as a source of naturally folded keratino- 
cyte proteins. The radiolabeled keratinocyte protein solution was incu- 
bated with immunoaffinity-purified anti-PX PV IgG overnight at 4 °C 
with gentle shaking. The immune complexes were precipitated with 
slurry protein A-Sepharose suspension, washed, and resolved by 7.5% 
SDS-PAGE. The gels were fixed and enhanced with 1 M sodium salic- 
ylate, and the radioactivity was analyzed using the storage phosphor 
autoradiography feature of the Storm system (Molecular Dynamics, 
Mountain View, CA). 

Antibody Transfer to Neonatal Mice — The PV phenotype was induced 
in neonatal mice by passive transfer of PV patients' serum IgG fractions 
to normal Balb/c mice (8). The IgGs were injected intraperitoneal^ 
through a 30-gauge needle at a dose of 20 mg/g of body weight per day 
into 10- to 12-h-old pups. The neonates always received the same 
amounts of PV IgG (experiment) and normal human IgG (control). The 
latter was isolated from normal human serum purchased from Sigma 
Chemical Co. The mice were sacrificed when fully developed skin le- 
sions could be seen or, if no gross lesions could be observed, approxi- 
mately 24 h after the last injection. The lesional and perilesional skin 
samples were collected and examined by staining with hematoxylin and 
eosin and by DIF with FITC-conjugated goat anti-human IgG antibody 
(Pierce). 

Statistics — The results of quantitative experiments were expressed 
as mean ± S.D. Significance was determined using the Student's t test. 

RESULTS 

Selection of an Immunoaffinity-purified Acantholytic Anti- 
keratinocyte PV IgG as a Candidate for cDNA Library Screen- 
ing—In an attempt to identify the pathogenic PV antibody, we 
investigated the ability of different fractions of immunoaflin- 
ity-purified anti-keratinocyte PV IgGs to: 1) stain the stratified 
epithelial substrates in a fishnet-like, "intercellular" pattern, 
which is diagnostic of PV (1); and 2) induce acantholysis in 
keratinocyte monolayers, which has become a standard ap- 
proach to test disease-causing ability of PV antibodies (29, 30). 
Among tested PV IgG fractions, the antibody eluted from the 
horizontal strip excised from the 75-kDa area of the immuno- 
blotting membrane produced intercellular epithelial staining of 
both normal human skin and monkey esophagus in IIF exper- 
iments (Fig. 1,A andB). Treatment of confluent monolayers of 
normal human KC with this immunoaffinity-purified PV IgG 
fraction, but not with normal human IgG, produced changes of 
the cell morphology characteristic of pemphigus acantholysis 
(Fig. 1, C and D). No acantholysis could be seen in cultures 
treated with equal amounts of PV IgG eluted from the 130-kDa 
area of immunoblots of normal human keratinocyte proteins 
(data not shown). Therefore, PV IgG immunoaffinity-purified 
on a 75-kDa band was selected to probe the Agtll human 
keratinocyte cDNA expression library. 

Isolation of cDNA Clones Encoding PX and Sequence Anal- 




Fig. 1. Selection of the acantholytic anti-keratinocyte PV IgG 
fraction for screening human keratinocyte Agtll cDNA library. 

A and B, the PV IgG immunoaffinity-purified on the horizontal strip 
excised from the 75-kDa area of the immunob lotting membrane pro- 
duced intercellular epithelial staining of both normal human skin (A) 
and monkey esophagus (B) in IIF experiments. FITC-labeled rabbit 
anti-human IgG was used as a secondary antibody. No staining was 
seen when the PV IgG was omitted or replaced with an irrelevant 
antibody (not shown). Scale bars, 50 /im. C and D, A confluent mono- 
layer of second passage normal human foreskin KC was incubated with 
either normal human IgG (C; negative control) of equal amount of the 
PV IgG that was immunoaffinity-purified on a 75-kDa band (D) for 12 h, 
and then fixed and stained with the trypan blue dye. The cell morphol- 
ogy is characteristic of pemphigus acantholysis was induced by anti-75 
kDa PV antibody (D). No such changes could be observed in a parallel 
control experiment in which a confluent keratinocyte monolayer was 
treated with PV IgG immunoaffinity-purified on the 130-kDa horizontal 
strip (not shown). Scale bars, 50 /xm. 

ysis— Approximately 3 X 10 6 plaques of Agtll human kerati- 
nocyte cDNA expression library were screened with the affin- 
ity-purified antibody from three PV sera (codes: PRC-45, PRC- 
46, and PRC-47), which contained the anti-75-kDa band 
acantholytic PV IgG that stained the stratified epithelium in a 
pemphigus-like pattern. In the first round of screening, four 
plaques were found to be positive for antibody binding. How- 
ever, only two clones, designated as K5 and K12, remained 
immunoreactive after subsequent rescreening. Because PV IgG 
eluted from the filter blotted with both K5 and K12 clones 
stained monkey esophagus in a pemphigus-like pattern (data 
not show), both clones were selected for further characteriza- 
tion. PCR amplification of the cDNA insert using a pair of 
Agtll cloning primer revealed that K5 and K12 clones carried 
the 1.3- and 1.4-kb cDNA inserts, respectively (Fig. 2A). Unex- 
pectedly, sequence analysis of the cDNA inserts from both 
clones predicted the same open reading frame of 1035 bp, 
encoding a full-length protein comprised of 345 amino acids 
(Fig. 2B) with a calculated molecular mass of 38.3 kDa. Exam- 
ination of the nucleotide sequence revealed an in-frame stop 
codon situated upstream of the first ATG codon, which indi- 
cated that a complete coding region was identified. There were 
two tandem ATG potential translation initiation codons after 
the upstream in-frame stop codon. The first one most likely 
represented the initiation codon, because it was preceded with 
the Kozak consensus sequence (31). No poly(A) tail was de- 
tected. A BLAST search of the GenBank® data base at the 
NCBI web site showed that the nucleotide sequence encoded a 
previously unknown molecule. The deduced amino acid se- 
quence revealed a high degree of homology to the members of 
the C a 2 + -dependent annexin protein gene family. The strong- 
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-226 ATCGGCGGAATTCCGCCCCACTTTCCTCTACCAGGCCAC^ -175 

-174 CTCACACAGGCAAGCTACCAGGCCACAAC _88 

-87 GCTCACATCAGCTAAGAGATTGCACCTGCTGACCT -1 

1 ATG TCT GTG ACT GGC GGG AAG ATG GCA CCG TCC CTC ACC CAG GAG ATC CTC AGC CAC CTG GGC CTG 66 

1 Met Sar Val Thr Gly Gly Lys Mat Ala Pro Sar Leu Thr Gin Glu Ila Lea 8er His Leu Gly Lou 22 

67 GCC AGC AAG ACT GCA GCG TGG GGG ACC CTG GGC ACC CTC AGG ACC TTC TTG AAC TTC AGC GTG GAC 132 

23 Ala Sar Lya Thr a la Ala Trp Gly Thr Leu Gly Thr Leu Arg Thr Pha Lea Asn Pha Sar Val Aap 44 

133 AAG GAT GCG CAG AGG CTA CTG AGG GCC ATT ACT GGC CAA GGC GTG GAC CGC ACT GCC ATT GTG GAC 198 

45 Lya Asp Ala Gin Arg Lou Lou Arg Ala Ila Thr Gly Gin Gly Val Asp Arg Ser Ala Zla Val Asp 66 

199 GTG CTG ACC AAC CGG AGC AGA GAG CAA AGG CAG CTC ATC TCA CGA AAC TTC CAG GAG CGC ACC CAA 264 

67 Val Lao Thr Asa Arg Sar Arg Glu Gin Arg Gin Lou Zla Sar Arg Asn Pha Gin Glu Arg Thr Gin 88 

265 CAG GAC CTG ATG AAG TCT CTA CAG GCA GCA CTT TCC GGC AAC CTG GAG AGG ATT GTG ATG GCT CTG 330 

89 Oln Asp Leu Nat Lya Sar Leu Gin Ala Ala Lou Ser Gly Asn Leu Glu Arg He Val Mat Ala Leu 110 

331 CTG CAG CCC ACA GCC CAG TTT GAC GCC CAG GAA TTG AGG ACA GCT CTG AAG GCC TCA GAT TCT GCT 396 

111 Leu Gin Pro Thr Ala Oln Phe Asp Ala Gin Glu Leu Arg Thr Ala Leu Lya Ala Ser Asp Ser Ala 132 

397 GTG GAC GTG GCC ATT GAA ATT CTT GCC ACT CGA ACC CCA CCC CAG CTG CAG GAG TGC TTG GCA GTC 462 

133 Val Asp Val Ala lie Olu Zle Leu Ala Thr Arg Thr Pro Pro Gin Leu Oln Glu Cys Leu Ala Val 154 

463 TAC AAA CAC AAT TTC CAG GTG GAG GCT GTG GAT GGC ATC ACA TCT GAG ACC AGT GGC ATC TTG CAG 528 

155 Tyr Lys Bis Asn Pha Oln Val Olu Ala Val Asp Oly lie Thr Ser Olu Thr Ser Gly Zle Leu Oln 176 

529 GAC CTG CTG TTG GCC CTG GCC AAG GGG GGC CGT GAC AGC TAC TCT GGA ATC ATT GAC TAT AAT CTG 594 

177 Asp Leu Lea Leu Ala Leu Ala Lya Oly Oly Arg Asp Ser Tyr Ser Oly lie Zle Asp Tyr Aan Leu 198 

595 GCA GAA CAA GAT GTC CAG GCA CTG CAG CGG GCA GAA GGA CCT AGC AGA GAG GAA ACA TGG GTC CCA 660 

199 Ala Olu Oln Asp Val Gin Ala Leu Oln Arg Ala Olu Gly Pro Ser Arg Olu Olu Thr Trp Val Pro 220 

661 GTC TTC ACC CAG CGA AAT CCT GAA CAC CTC ATC CGA GTG TTT GAT CAG TAC CAG CGG AGC ACT GGG 726 

221 Val Phe Thr Oln Arg Asn Pro Olu His Leu lie Arg Val Phe Aap Oln Tyr Oln Arg Ser Thr Oly 242 

727 CAA GAG CTG GAG GAG GCT GTC CAG AAC CGT TTC CAT GGA GAT GCT CAG GTG GCT CTG CTC GGC CTA 792 

243 Leu Olu Oln Olu Glu Ala Val Oln Asn Arg Phe Bis Gly Asp Ala Gin Val Ala Leu Leu Oly Leu 264 

793 GCT TCG GTG ATC AAG AAC ACA CCG CTG TAC TTT GCT GAC AAA CTT CAT CAA GCC CTC CAG GAA ACT 858 

265 Ala Ser Val Zle Lys Asn Thr Pro Leu Tyr Pha Ala Asp Lys Leu Bis Gin Ala Leu Gin Glu Thr 286 

859 GAG CCC AAT TAC CAA GTC CTG ATT CGC ATC CTT ATC TCT CGA TGT GAG ACT GAC CTT CTG AGT ATC 924 

287 Olu Pro Asn Tyr Oln Val Leu lie Arg Zle Leu lie Ser Arg Cys Olu Thr Aap Leu Leu Ser Zle 308 

925 AGA GCT GAG TTC AGG AAG AAA TTT GGG AAG TCC CTC TAC TCT TCT CTC CAG GAT GCA GTG AAA GGG 990 

309 Arg Ala Olu Phe Arg Lys Lys Phe Oly Lys Ser Leu Tyr Ser Ser Leu Oln Aap Ala Val Lya Oly 330 



991 GAT TGC CAG TCA GCC CTC CTG GCC TTG TGC AGG GCT GAA GAC ATG 
331 Asp Cys Oln Ser Ala Lea Leu Ala Leu Cys Arg Ala Glu Asp Met 



1062 
345 



1063 ACATCCGAGGATCTGAGAT 
1150 GGATTCC 



GAACCTGGGAGACCAGCTGGGCCTCCAAGTAGGATAACCCCTCACTGAGCACCC 



1156 



% \ Identification of pemphaxin (PX)— a novel human annexin-like molecule— using the anti-75-kDa band immuno affinity- 
purified PV IgG as a probe. A, PCR amplification of cDNA inserts from Agtll phages isolated from the clones K5 and K12 using specific Art 11 
forward and reverse cloning primers. The 1.5- and 1.6-kbp PCR products carried copies of 1.3- and 1.4-kbp cDNA inserts, respectively, from the 
™°a 3 • W6 Jf s P eciflcall y recognized by affinity-purified PV IgG as a result of screening of 3 million plaques of a Agtll human keratinocyte 
cDNA expression library. Sequence analysis of both cDNA inserts revealed that both encoded for the same novel molecule, PX. B the nucleotide 
sequence and the predicted amino acid sequence of PX. The in-frame upstream and downstream stop codons are underlined. The Kozak sequence 
that precedes the potential initiation ATG codon is double underlined. C, multiple amino acid sequence alignment of PX with the annexin-2 
sequences reported for different species showing that PX shares the same amino acids in most of the conserved regions. Shaded regions indicate 
the identical amino acid residues among all compared sequences. The arrow denotes potential glycosylation site. The asterisks denote the potential 
type II Ca binding sites. The potential actin bundling site is underlined. Anx-2, annexin-2. 
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Fig. 2 — continued 



est similarity, approximately 40%, was observed with an- 
nexin-2 present in chicken (GenBank® accession number 
P17785), cow (P04272), rat (Q07936) and humans (NP004030). 
The amino acid sequence alignment (Fig. 2C) revealed several 
conserved regions, including the type II Ca 2+ binding sites (32, 
33) and the actin bundling site that plays a role in Ca 2 ^de- 
pendent bundling of actin microfilaments by annexins (34). 
Because of its homology to the members of the annexin protein 
gene family, we tentatively named this newly discovered PV 
antigen pemphaxin {i.e. pemph igus + annexin = pemphaxin). 

Expression of the rPX-His Fusion Protein in E. coli and Its 
Affinity Purification— To allow experiments with immunoaffin- 
ity-purified anti-PX PV antibody, we produced a full-length 
recombinant PX. Because both K5 and K12 clones carried full- 
length cDNAs encoding the complete open reading frame of PX, 
we chose to directionally clone the K5 cDNA to the pQE-30 
expression vector, which was designed to express PX protein 
carrying a poly-His tag at its N terminus. The cloned pQE- 
30-PX was transformed into E. coli M15 cells, and the colonies 
expressing rPX-His were selected by screening with anti-RGS- 
His monoclonal antibody. Antibody staining revealed six 
strongly positive colonies that contained correct PX inserts, as 
confirmed by subsequent sequencing. Clone 1 was selected for 
a time course characterization of PX expression. As seen in Fig. 
3A, the transfected bacteria began to produce rPX-His after 
induction with 2 mM IPTG, and the amount of this fusion 
protein, estimated by the time course study with the time 
points of 1, 2, 3, and 4 h, gradually increased and reached 
saturation at 4 h after induction. As expected from the deduced 
molecular mass of PX, the newly produced rPX-His migrated 
with a 40-kDa protein band on the 12% SDS-PAGE gel. No 
proteins were induced by IPTG in control, non-transfected E. 
coli M15 cells (data not shown). The rPX-His was isolated from 
the mixture of E. coli proteins on the Ni-NTA column via its His 
residues. The rPX-His fusion protein was eluted from the col- 
umn, and its purity was confirmed by finding a single band in 
12% SDS-PAGE-resolved eluant (Fig. 3A, lane PX). The ability 
of rPX-His to exhibit PX conformational epitope(s) recognized 
by PV antibody was confirmed by immunoblotting of affinity- 



purified rPX-His with the three PV sera that were used in the 
cDNA library screening experiments (Fig. 35). 

Cholinergic Radioligand Binding by rPX-His— Cholinergic 
ligand binding properties of annexins-1, -2, and -3 (35) sug- 
gested that PX also acts as a cholinergic receptor binding ACh 
on the cell surface of KC. To test this hypothesis, rPX-His was 
used in a standard radioligand binding assay. The saturable 
specific binding was achieved with the reversible cholinergic 
radioligand [ 3 H]ACh (Fig. 4A). The analysis of binding kinetics 
revealed the K d value of 909 nM and a fl max of 176 pmol/mg of 
protein, indicating that, on the cell membrane of KC, PX may 
act as a low affinity receptor for endogenously produced and 
secreted ACh. 

Because we demonstrated in a previous study (5) that 85% of 
pemphigus patients develop autoantibodies, which immuno- 
precipitate a keratinocyte membrane protein covalently la- 
beled with the cholinergic radioligand [ 3 H]PrBCM, we further 
asked whether [ 3 H]PrBCM can specifically label rPX-His. The 
specificity of [ 3 H]PrBCM binding to rPX-His was demonstrated 
in the binding inhibition experiment using non-labeled cholin- 
ergic ligands ACh, nicotine, and muscarine as competitors (Fig. 
4B). As expected, ACh as well as its nicotinic and muscarinic 
congeners decreased significantly (p < 0.05) the amount of 
[ 3 H]PrBCM bound to rPX-His, indicating that PX exhibits 
dual, muscarinic and nicotinic pharmacology. The dose- 
dependent radioligand binding inhibition assay with 
[ 3 H]PrBCM could not be performed because of the irreversible 
nature of its binding to a receptor molecule, via an alkylation 
reaction (36). 

Characterization of Immunoaffinity-purified Anti-PX PV An- 
tibody— The anti-PX PV IgG was immunoaffinity-purified on 
rPX-His immobilized on the Ni-NTA column via its His tags, 
and the PV IgG fraction eluted from the resin was character- 
ized by: 1) IIF assay using human skin and monkey esophagus 
as substrates; and 2) immunoprecipitation assay with metabol- 
ically radiolabeled keratinocyte proteins. In the IIF assays, the 
immunoaffinity-purified anti-PX PV IgG stained, in a distinct 
fishnet-like, pemphigus pattern, the stratified squamous epi- 
thelium in human skin and monkey esophagus (Fig. 5, A and 
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Fig. 3 Expression of the rPX-His fusion protein in E. coli and 
its affinity purification. A, the time-course study of the expression of 
rPX-His. The selected E. coli M15 cells transformed with pQE30-PX 
were grown in NYZ medium to an optical density of 0.6. at 600 nm and 
induced with 2 mM IPTG. 1-ml samples of bacterial culture were col- 
lected before induction and at 1, 2, 3, and 4 h post induction. The protein 
extracts of these samples were analyzed on 12% SDS-PAGE gel stained 
with Coomassie Blue. A sample of rPX-His purified on a Ni-NTA col- 
umn is designated as PX, and the wash-through fraction is designated 
as W. No additional proteins were produced in the control experiments 
in which non-transfected E. coli M15 cells were induced with IPTG (not 
shown). B, the conformational epitope of rPX-His allows its immu- 
norecognition by PV IgG. Western blots of affinity-purified rPX-His 
were stained with sera from the three PV patients whose IgG fraction 
was used to screen Agtll human keratinocyte cDNA expression librar- 
ies. Binding of anti-PX PV IgG was visualized using horseradish per- 
oxidase-conjugated goat anti-human IgG antibody. No staining could be 
seen in the negative control experiment in which the primary antibody 
was omitted (not shown). In the reference lane, denoted PX, the rPX-His 
fusion protein is visualized by staining with Coomassie Blue. 



B). The epithelia of other types, such as those lining human 
bronchi, lung alveoli, small and large intestine, and renal glo- 
meruli, did not exhibit specific staining (data not shown), indi- 
cating that the stratified epithelium is a major site of the 
epithelial expression of PX in human beings. We did not test 
non-epithelial tissues in this study. 

Although addition of a 6xHis-tag to PX should not alter its 
conformational epitope, we sought to rule, out even a remote 
possibility that, in addition to anti-PX, the rPX-His fusion 
protein absorbs antibodies of other specificities. The purity of 
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Fig. 4. Cholinergic radioligand-binding to rPX-His. A, saturable 
binding of the reversible cholinergic radioligand PTOACh to rPX-His in 
a standard radioligand binding assay detailed under "Experimental 
Procedures." The analysis of the specific binding revealed a B mtul of 176 
pmol/mg of protein with a K d of 909 nM. B, blocking of rPX-His labeling 
by [ 3 H]PrBCM in the presence of ACh, the nicotinic ligand nicotine 
(Nic) or the muscarinic ligand muscarine (Musi The data are mean ± 
S.D. of triplicate measurements of [ 3 H]PrBCM radioactivity (in cpm) 
associated with rPX-His after its 30-min incubation with 5 nM 
[ 3 H]PrBCM at room temperature in the presence or absence of 10 of 
non-labeled cholinergic drugs ACh, Nic, or Mus. 

PV IgG eluted from rPX-His was tested in a immunoprecipita- 
tion assay, which allows an antibody to recognize its antigen in 
the native form, to increase the sensitivity and specificity of 
antibody characterization. The immunoprecipitation assay 
showed that the affinity-purified anti-PX PV IgG precipitated 
keratinocyte proteins with apparent molecular masses of 40 
and 80 kDa (Fig. 5C). Because the deduced molecular mass of 
PX is 38.3 kDa, these results suggested that PX exists as a 
monomer and a homodimer in KC. This hypothesis was further 
supported by demonstration of the predicted reciprocal changes 
in the relative amounts of the 40- and 80-kDa products depend- 
ing on the presence or absence of the reducing agent 0-mercap- 
toethanol in the SDS-PAGE bufTer (Fig. 5C). Indeed, the cova- 
lent linkage of two annexins in a dimer is common for certain 
annexins (reviewed in Ref. 37). 

Absorption of Disease-causing PV Antibodies with rPX- 
His — To determine the pathophysiological significance of an- 
ti-PX antibody in pemphigus, we next asked if depletion of the 
PV IgG fraction of anti-PX antibody could affect the ability of 
PV IgG to cause gross skin blisters in neonatal mice. Equal 
amounts of the intact whole PV IgG fraction (positive control) 
and the PV IgGs that either passed through the Ni-NTA col- 
umn containing immobilized rPX-His or were eluted from the 
column were injected intraperitoneally into 10- to 12-h-old 
Balb/c mice at a concentration of 20 mg of IgG/g of body weight 
per day. Only the mice that received non-absorbed PV IgGs 
reproducibly developed pemphigus-like gross skin lesions be- 
tween the 16th and 24th h after a single injection. The mice 
injected repeatedly with either the pass-through (Fig. 5Z» or 
the immunoaffmity-purified anti-PX IgGs (not shown) did not 
develop any macro- or microscopic skin changes, despite depo- 
sition of injected IgGs in mouse epidermis in both cases (Fig. 
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Fig. 5. Characterization of immunoaffinity-purified anti-PX 
PV antibody. A and S, characterization of immunoaffinity-purified 
anti-PX PV IgG by IIF. Typical pemphigus-like, "intercellular" staining 
pattern produced due to binding of the PV IgG fraction eluted from 
rPX-His to normal human epidermis (A) and monkey esophagus (B), No 
staining could be seen in negative control experiments stained by a 
secondary antibody without anti-PX PV IgG (not shown). Scale bars, 50 
Aim. C, characterization of immunoaffinity-purified anti-PX PV IgG by 
immunoprecipitation. The whole PV serum (lane 1) or PV IgG eluted 
from rPX-His {lanes 2 and 3) were used to immunoprecipitate 35 S- 
metabolically labeled human keratinocyte protein extract, as detailed 
under "Experimental Procedures" The immunoprecipitate in lanes 1 
and 3 was diluted in SDS-PAGE buffer containing both 2% SDS and 5% 
/3-mercaptoethanol, which allowed predominant visualization of rPX- 
His in the form of a 40-kDa monomer. The immunoprecipitate resolved 
in lane 2 was treated without the reducing agent /3-mercaptoethanol, 
which produced a reciprocal staining picture, because omission of 
/3-mercaptoethanol allowed predominant visualization of rPX-His in a 
form of a naturally assembled homodimer with an apparent molecular 
mass of 80 kDa. D and E, results of passive transfer of PV IgG preab- 
sorbed with rPX-His to a neonatal Balb/c mouse. Lack of any visible 
alteration of skin integrity in a pup injected intraperitoneally during 2 
days with the pass-through PV IgG fraction in a total dose of 40 mg/g 
body weight. Demonstration of the deposits of injected pass-through PV 
IgGs in the epidermis of this mouse by DIF (E). Scale bar, 50 fim. F and 
G, results of the passive transfer experiment using the pass-through PV 
IgG fraction that was supplemented with the immunoaffinity-purified 
anti-rPX-His IgG. An extensive blister with a loosely attached periph- 
eral skin (positive Nikolsky sign) in a neonate approximately 16 h after 
a single intraperitoneal injection of 20 mg/g PV IgG (F). The skin blister 
in this pup resulted from a typical PV-like suprabasilar acantholysis 
observed by hematoxylin and eosin examination of the perilesional skin 
(G). The fishnet-like deposits of injected IgG in the epidermis of this 
mouse were confirmed by DIF (not shown). Scale bar, 50 pm. 

52?). These results indicated that, although absorption with 
rPX-His eliminates the acantholytic activity of PV serum, the 
anti-PX antibody alone is not sufficient to induce acantholysis 
and gross skin blisters in neonatal mice. Therefore, we hypoth- 
esized that, although anti-PX antibody is essential for acan- 
tholysis development, it is not the only one in the pool of 
disease-causing PV antibodies that are required to break the 
integrity of live epidermis. 

To test this hypothesis, we sought to determine if acantho- 



lytic activity of preabsorbed PV IgGs could be restored by 
adding back the adsorbed anti-PX antibody. As seen in Fig. 5 (F 
and G), the pups injected with the pass-through PV IgGs sup- 
plemented with anti-PX IgG eluted from the affinity column 
produced the PV phenotype that was indistinguishable from 
the epidermal acantholysis and gross skin blisters produced by 
non-adsorbed PV IgG (not shown). These results clearly indi- 
cated that, in addition to anti-PX antibody, the pool of disease- 
causing PV IgG contains autoantibodies to other keratinocyte 
self-antigens and suggested that a cumulative effect of anti- 
keratinocyte antibodies of different specificities is required to 
break up the integrity of live epidermis and induce skin 
blistering. 

DISCUSSION 

In this study we selected the PV IgG fraction that can both 
stain the epithelial substrates in the pemphigus-like pattern 
and induce acantholysis in keratinocyte monolayers to probe 
Agtll keratinocyte cDNA library for novel targets of disease- 
causing PV antibodies. The PV antibody immunoaffinity-puri- 
fied on a 75-kDa keratinocyte protein band identified a novel 
human annexin -like molecule, which we termed PX. Recombi- 
nant PX was produced and shown to bind specifically ACh and 
its nicotinic and muscarinic congeners. The obtained results 
indicate that PX may serve as a cell surface cholinergic recep- 
tor mediating a novel ACh signaling pathway involved in the 
physiological control of cell-to-cell adhesion and that autoim- 
munity to PX may lead to acantholysis. 

Pemphigus is an autoimmune disease with a complex patho- 
physiology. Both humoral (38) and cellular (39) effectors of 
autoimmune aggression against KC are involved in the patho- 
genesis of this disease, and it has been demonstrated that local 
activation of tryps in-like serine proteases, such as plasminogen 
activator (40), complement (41), eicosanoids (42), and proin- 
flammatory cytokines (29, 43), all can contribute to acantholy- 
sis. The precise mechanism leading to acantholysis in PV, 
however, is yet to be determined. It is currently held that an 
autoantibody to the 130-kDa adhesion molecule Dsg 3 causes 
pemphigus by disrupting directly the keratinocyte cell-to-cell 
bridges or desmosomes (44, 45). The intuitive notion that the 
disease of skin adhesion is caused by an antibody to the adhe- 
sion molecule, however, awaits its direct experimental confir- 
mation. Meanwhile, Kitajima et al. (46) demonstrated that 
desmosome formation induced by switching the incubation me- 
dium from a low to a high Ca 2+ content is not inhibited by the 
binding of PV IgG to the cell membrane of cultured KC. In 
agreement with this report, we could not detect any morpho- 
logical changes in the keratinocyte monolayers treated with the 
anti-130-kDa PV IgG for 16 h, whereas the acantholysis in cell 
monolayers usually develops within 12 h after addition of the 
whole PV IgG fraction (20, 29, 30). Fan et al. (47) attempted to 
create an animal model of PV by immunizing four different 
strains of mice, Balb/c, DBA/1, SJL/J, and HRS/J, with full- 
length Dsg 3 protein, recombinant extracellular portion of Dsg 
3, and the synthetic peptides spanning the entire Dsg 3. How- 
ever, they found no signs of pemphigus, oral or cutaneous, in 
any of the animals, despite relatively high, up to 1/2560, titer of 
circulating anti-Dsg 3 antibodies produced by immunized ani- 
mals. Furthermore, even after the immune sera were concen- 
trated 10-fold and inoculated into neonatal mice, the mice of 
only one strain, Balb/c, developed the lesion. These results 
demonstrated that, at the serum titers that are equivalent or 
exceeding those found in PV patients, the anti-Dsg 3 antibody 
is not sufficient to cause pemphigus symptoms. The supra phar- 
macological doses of this antibody, however, can physically 
interfere with cell-to-cell adhesion, as illustrated by the occur- 
rence of microscopic changes in the oral mucosa of immuno- 
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deficient Rag-2 knockout mice grafted with a spleen producing 
anti-Dsg 3 antibodies (48). Unfortunately, the interpretation of 
findings in mice with adoptively transferred anti-Dsg 3 anti- 
bodies in the study of Amagai et al. (48) is complicated by its 
rather controversial nature, which includes direct conflict with 
the existing data. For instance, according to Amagai et al. (48), 
lack of skin changes in Balb/c mice immunized with Dsg 3 is 
attributed to inability of this strain of mice to produce anti-Dsg 
3 antibody, whereas Fan et al. (47) achieved high anti-Dsg 3 
antibody titers in these animals, albeit without any mucocuta- 
neous signs of PV. Furthermore, Amagai et al (48) opine that, 
by analogy with the interpretation of the Dsg3 nutl phenotype 
(18), a transient hair loss accompanied by transient micro- 
scopic alterations of keratinocyte adhesion in the oral cavity, 
which is all that can be observed in the recipient Rag-2 -7- 
mice, should be interpreted as the PV phenotype. However, the 
following facts argue against this interpretation: 1) hair loss is 
not a sign of PV (1); 2) true PV is a disease severe enough to kill 
approximately 90% of patients, if left untreated (reviewed in 
Ref. 2); and 3) neither recipient Rag-2-/- mice nor Dsg3 nuLl 
mice develop spontaneous skin blisters (5, 15, 18). Neverthe- 
less, the notion about the pathophysiological significance of 
Dsg 3 antibody in PV has been supported by the results of in 
vivo experiments in which pemphigus antibodies affinity-puri- 
fied on the rDsg3-Ig chimera induced gross skin blisters in 
neonatal mice (13, 14). Unfortunately, the profile of PV IgGs 
adsorbed by the rDsg3-Ig-/fts baculoprotein has never been 
shown, leaving unresolved the purity and specificity of the 
antibodies used in the passive transfer experiments. Therefore, 
we had to characterize the antigenic reactivity of PV IgG ab- 
sorbed with rDsg3-Ig-His in our laboratory (19). We established 
that the antibodies adsorbed on rDsg3-Ig-i/is are directed to- 
ward several keratinocyte proteins, including an unknown 130- 
kDa self-antigen recognized in the Western blot of keratinocyte 
proteins of Dsg3 nul1 mice. 

To select the PV IgG fraction that most likely contains dis- 
ease-causing antibody, we screened PV IgG fractions eluted 
from different areas of the immunoblotting membrane for their 
ability to both: 1) stain epidermis in a fishnet-like, pemphigus 
pattern; and 2) produce acantholysis in keratinocyte monolay- 
ers. The anti-75-kDa band PV IgG met both criteria. Failure of 
the antibody eluted from the 130-kDa area of the immunoblot- 
ting membrane to fulfill both criteria was not surprising, be- 
cause in the past this antibody was selected for the cDNA 
screening experiments that identified Dsg 3 based on the first 
criteria only (9). In our study, anti-75-kDa band PV antibody 
caused acantholysis, which could be observed at 0.09 mM Ca 2+ 
in KGM. Although expression of Dsg 3 in KG requires prein- 
cubation of the cells at high, from 1.8 to 2.55 mM, extracellular 
Ca 2+ (9, 49, 50), we and other workers have previously dem- 
onstrated that binding of disease-causing PV IgGs to KC and 
acantholysis in cell monolayers both occur at as low as 0.1 mM 
Ca 2+ (20, 29). This fact suggests that, in addition to blocking 
the "adhesive sites" of desmosomal cadherins with anti-Dsg PV 
IgG, binding of pemphigus antibodies to KC initiates an intra- 
cellular signaling cascade that can lead to disassembly of other 
types of intercellular junctions comprised of classical cad- 
herins, such as tight junctions, adherence junctions, and gap 
junctions, all of which can mediate keratinocyte cell-to-cell 
adhesion at low Ca 2 * (51-53). 

Screening of the Agtll keratinocyte cDNA expression library 
with the acantholytic anti-75-kDa band PV antibody identified 
PX, a novel human annexin-like molecule. It appeared that two 
of 3 X 10 6 plaques labeled with PV IgGs carried cDNA encoding 
for the same previously unknown annexin-like molecule with 
the predicted molecular mass of the translated product of 38.3 
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kDa. Sequence alignment with known annexins showed that 
PX shares the same amino acids in most of the conserved 
regions and is —40% similar to annexin-2. Annexin-2 may exist 
as a monomer, dimer, heterodimer, or heterotetramer in which 
two annexin-2 molecules combine with two smaller subunits, 
pll, that resemble the S-100 protein of the calmodulin family 
(54). Because the PV IgG immunoaffinity-purified on rPX-His 
labeled keratinocyte proteins with apparent molecular 
masses of 40 and 80 kDa, it can be postulated that PX forms 
homodimers. 

Annexins comprise a unique family of Ca 2+ - and phospholip- 
id-binding proteins encoded by some 20 different genes, which 
are ubiquitous among eukaryotic organisms, single-celled or- 
ganisms, and plants and animals (reviewed in Refs. 55, 56). 
Individual annexins have been described under the names 
anchorin, calcimedin, calelectrin, calpactin, calphobindin, chro- 
mobindin, endonexin, lipocortin, and synexin. Different annex- 
ins have been shown to: 1) participate in ligand-mediated cell 
signaling both directly, by forming Ca 2+ -sensitive, voltage- 
gated Ca 2+ channels, and indirectly, by generating membrane- 
derived second messengers; 2) mediate anti-inflammatory ac- 
tion of glucocorticosteroids via inhibition of phospholipase A2; 
3) regulate and directly mediate cell-to-cell adhesion; 4) medi- 
ate endo- and exocytosis; 5) inhibit blood coagulation; 6) regu- 
late Ca 2+ -dependent CI" conductance; and 7) participate in the 
processes of cell proliferation, apoptosis, and virus infection 
(reviewed in Refs. 37, 57-60). 

PX turned out to be a sixth protein of the annexin protein 
gene family identified in normal human skin to date. Annex- 
ins- 1, -2, -5, -6, and -7 have been demonstrated previously (61, 
62). Expression of annexins in epidermis is differentiation-de- 
pendent (63). Annexin- 1 immunoreactivity is found almost en- 
tirely around the perimeter of KC, especially tonofilament/ 
desmosome-rich prickle KC (61). It has been noted that raising 
intracellular Ca 2+ results in peripheral relocations of annex- 
ins-2, -4, -5, and -6 from the perinuclear areas (64). Annexin-2 
has been shown to be directly involved in regulation of cell 
adhesion and migration (65). The presence in PX of the con- 
served sites providing for Ca 2+ binding and for bundling of 
actin filaments suggests that PX, just like annexin-2, regulates 
assembly and maintenance of the cytoskeletal units. This actin 
polymerization is now believed to play a crucial role in epithe- 
lial cell-to-cell adhesion, because disruption of this process in 
an animal model causes skin lesions indistinguishable from PV 
lesions (66). 

Although annexins lack a leader sequence (and do not pass 
the Golgi apparatus), they are found on the keratinocyte cell 
surface, where they can function as receptors. Extracellular 
annexins have been demonstrated to bind collagen, tenascin, 
and plasminogen activator (65, 67-70). Binding of tenascin-C 
to annexin-2 provokes three cellular responses: loss of adhe- 
sion, lateral migration, and enhanced cell division (71). Tena- 
scin expression is induced in pemphigus skin as well as in the 
skin of other blistering dermatoses (72). 

To characterize PX, we produced full-length recombinant 
protein using pQE-30 vector, which contained IPTG-inducible 
promoter transformed into the E. coli M-15 competent cells. 
Plasmid purified from this clone was analyzed by restriction 
enzyme analysis and sequencing. Both confirmed that the PX 
DNA insert was 100% correct. The rPX-His was affinity-puri- 
fied and used in standard receptor-ligand binding assays with 
the cholinergic radioligand [ 3 H] ACh. The analysis of the satu- 
rable binding of [ 3 H]ACh showed that PX can function as a low 
affinity cholinergic receptor on the cell membrane of KC. These 
results were expected, because choline, which itself serves as a 
pharmacological agonist of cholinergic receptors (73, 74), has 
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been shown to specifically bind to annexin- 1, -2, and -3 (35). 
Likewise, rPX-His could be specifically tagged with a covalent 
cholinergic radioligand [ 3 H]PrBCM, which was previously used 
by us to label keratinocyte membrane proteins immunoprecipi- 
tated by 85% of pemphigus patients (5). 

The results of pharmacological experiments demonstrated 
that rPX-His exhibited conformational structure, thus allowing 
specific binding of cholinergic ligands. Post-translational mod- 
ification is not required for ligand binding to single-unit ACh 
receptors, such as the muscarinic receptor (75, 76). However, 
the affinity of ACh binding by the wild-type PX, which can 
forms dimers, may be different from that shown by rPX-His in 
vitro, because the bacterial system in which it was expressed 
was not capable of post-translational modification, such as 
glycosylation, which is known to play an important role in 
ligand binding by multi-subunit ACh receptors such as the 
nicotinic receptor (77). Thus, PX can act as a novel keratinocyte 
cell surface receptor for the cytotransmitter ACh, synthesized 
and secreted by human KC in autocrine and paracrine fash- 
ions, and mediate known effects of ACh and cholinergic drugs 
on keratinocyte adhesion (reviewed in Refs. 21, 22). PX can also 
represent, at least in part, the putative keratinocyte choliner- 
gic receptors targeted by PV IgG (5, 20). 

The drugs that act at keratinocyte cholinergic receptors have 
been shown to alter cell motility and adhesion. Exposure of 
suspended KC to ACh results in attachment and spreading of 
the cells on the dish surface and development of intercellular 
contacts within 20-30 min, whereas non-stimulated cells ac- 
complish this process within 90-120 min. On the other hand, 
exposure of a confluent keratinocyte monolayer to pharmaco- 
logical antagonists of ACh leads to a characteristic acantholytic 
response. The cells retract their cytoplasmic projections, lose 
cell-to-cell attachments, detach from each other, and become 
round in shape and non-motile — characteristics that remark- 
ably resemble pemphigus acantholysis in vitro (20). We have 
previously reported that ACh and its muscarinic and nicotinic 
congeners can prevent and reverse acantholysis produced in 
keratinocyte cultures by PV IgG (20). A receptor/ligand type of 
interaction of disease-causing PV IgG, with its target being a 
keratinocyte cell membrane protein, was first proposed by Pa- 
tel et at. (78) based on the results of time-course study of the 
fate of the PV antibody/antigen complex. A direct evidence of 
activation of second messenger systems in response to PV IgG 
binding to KC have been obtained in the studies showing 
changes with phospholipase C, inositol 1,4,5-trisphosphate, 
transmembrane flux and intracellular levels of Ca 2+ , intracel- 
lular cAMP/cGMP ratios, and activity and intracellular loca- 
tion of protein kinase C (reviewed in Refs. 5, 79). Therefore, 
binding of anti-PX antibody to KC may lead to acantholysis by 
competing with the natural agonist ACh, thus interrupting 
physiological regulation of keratinocyte adhesion. In keeping 
with the notion that autoantibody-mediated ligation of PX on 
the cell membrane of KC can alter the cell adhesive function 
are the results showing that an antibody to annexin-2 inhibits 
cell-to-cell attachment (80). 

To determine the role of anti-PX antibody in pemphigus 
pathophysiology, we preabsorbed PV sera with rPX-His and 
tested acantholytic activities of both the PV IgGs depleted of 
anti-PX antibody and the PV IgG eluted from rPX-His. Neither 
IgG fraction could induce micro- or macroscopic mucocutaneous 
lesions in neonatal Balb/c mice. Addition of the adsorbed an- 
ti-PX PV IgG to the preabsorbed IgG fraction restored its 
acantholytic activity. These findings suggested that anti-PX 
antibody is one of the major contributors to skin blistering in 
PV patients. The fact that anti-PX PV antibody alone was 
sufficient to cause acantholysis in vitro (Fig. 1) but could not do 



so in vivo was not surprising. Obviously, the ceU-to-cell adhe- 
sion of KC cultured at low Ca 2+ is less sophisticated than that 
taking place in live epidermis, with regard to a variety of 
adhesion molecules and control mechanisms, which include 
local anti-acantholytic factors such as interleukin-10 (30). 
Needless to say, the integrity of the epidermal barrier in higher 
species relies on more than a single molecule. For example, 
inactivation of an adhesion molecule such as Dsg 3 does not 
lead to skin blisters and is well compatible with the normal life 
span of Dsg3 nul1 mice (5, 18), whereas a loss of immunological 
tolerance to keratinocyte self-antigens in P V is potentially le- 
thal in 90% of patients (reviewed in Ref. 2). Therefore, to 
explain clinical and immunological correlations in PV, we pro- 
pose a "multi-hit" hypothesis, which postulates that acanthol- 
ysis in PV results from simultaneous and cumulative effects of 
autoantibodies directed toward different keratinocyte self-an- 
tigens, including the "structural" antigens, such as desmo- 
somal cadherins, and "functional" antigens, such as cell surface 
receptors regulating function of the adhesion and cytoskeletal 
units. 

The rationale behind our emphasis on the importance of 
"functional" targets of PV autoimmunity stems from recent 
discoveries of the genetic defects that underlie certain skin 
diseases. For instance, patients with genetic defects of the 
adhesion molecules Dsgl and desmoplakin develop neither 
macroscopic nor light- or electron-microscopic alterations of 
keratinocyte cell-to-cell adhesion but produce instead a pal- 
moplanar keratoderma, represented by linear and focal hy- 
perkeratosis on palms and soles (81-83). In marked contrast, 
intra-epidermal split and PV-like skin lesions in patients 
with keratosis follicularis, or Darier-White disease, and pa- 
tients with benign familial pemphigus, or Hailey-Hailey dis- 
ease, result from a mutation in the genes coding for Ca 2+ 
pumps, the ATP2A2 and ATP2C1, respectively (84, 85). Cal- 
cium metabolism in the epidermis of PV patients may also be 
altered. We have recently found that PV patients develop 
autoantibodies to the novel human c*9 ACh receptor subunit 
that comprises ACh-gated Ca 2+ channels on the cell mem- 
brane of human KC (19). 

In summary, in this study we identified PX, a novel annexin- 
like molecule, which can function as a keratinocyte cholinergic 
receptor mediating biological effects of ACh on KC, including 
regulation of cell-to-cell adhesion. PX is targeted by PV auto- 
immunity and may represent one of the major targets for 
acantholytic autoantibodies. Further studies should be directed 
to elucidate the biochemical mechanisms by which the anti-PX 
antibody alters keratinocyte adhesion in vitro and the biologi- 
cal effect(s) caused by cholinergic ligand binding to PX. Fur- 
thermore, because annexins are well known mediators of anti- 
inflammatory effects of glucocorticosteroids in the skin (86), 
and because glucocorticosteroids can directly protect KC from 
the acantholytic effect of PV IgG in vitro (87), it will be impor- 
tant to elucidate possible relationships between the effects of 
glucocorticosteroids on PX and keratinocyte adhesion. Such an 
association may lead toward development of non-hormonal 
treatment of PV, because cholinergic drugs that, just like glu- 
cocorticosteroids, exhibit direct anti-acantholytic activity (20) 
may do so by competing with PV IgG for binding to PX on the 
cell membrane of KC. 
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Annexin I Is Phosphorylated in the Multivesicular Body 
During the Processing of the Epidermal Growth Factor Receptor 

Clare E. Fatter, Stephen Eslder,* Joseph ScMesanger,* Aid Ullrich,* and Colin R. Hopkins 



Abstract. We have previously shown that an active 
epidermal growth factor receptor (EGF-R) kinase is 
necessary for efficient sorting of the EGF-R to the ly- 
sosome, and we have shown that this occurs in the 
multivesicular body (MVB), where EGF-R are sorted 
away from recycling receptors by being removed to the 
internal vesicles of the MVB. The aim of die present 
study was to identify substrates of the EGF-R kinase 
associated with MVBs which might play a role in this 
sorting process. We used a density shift technique to 
isolate MVBs and show that the major substrates phos- 
phoiylated in vitro within MVBs which contain an ac- 
tive EGF-R kinase are the EGF-R itself and annexin I. 
Annerin I is associated with both plasma membrane 



and MVBs in a calcium-independent manner but can 
be phosphorylated in vitro only in MVBs. Phosphor- 
ylation of calcium-independent annexin I in isolated 
MVBs converts it to a form that requires calcium for 
membrane association. In cells with an active EGF-R 
kinase the amount of calcium-independent annerin I in 
MVBs is reduced, suggesting that a phosphorylation- 
induced conversion of the calcium independent to the 
calcium-dependent form also occurs in vivo. Our ob- 
servations, together with the known properties of an- 
nerin I in me d i a t i ng membrane fusion, suggest that in- 
ward vesication in MVBs is induced by the EGF-R 
and is mediated by phosphorylated anne rin I. 



When EGF binds to its receptor the intrinsic tyro- 
sine kinase of the receptor is activated, resulting in 
phosphorylation of the receptor itself and various 
other proteins (Ushiro and Cohen, 1980). During this time 
th EGF-EGF-receptor (EGF-R) 1 complex is rapidly inter- 
nalized and processed within the endocytic pathway where 
it becomes degraded (Carpenter and Cohen, 1976). A mu- 
tant EGF-R lacking an active kinase is internalized in re- 
sponse to EGF at the same rate as the wild type EGF-R but 
the kinase-negative EGF-R is not efficiently degraded and a 
significant proportion of the mutant EGF-R recycle to the 
cell surfece (Honegger et al., 1987; Felder et ah, 1990). By 
EM we have shown that saturating concentrations of EGF 
stimulate internalization of both wild type and kinase nega- 
tive EGF-R to multivesicular bodies but within this compart- 
ment they have distinctly different distributions (Felder et 
al. , 1990). Since only wild type EGF-R are efficiently trans- 
ferred to the internal vesicles of the multivesicular body 
(MVB) we have proposed that removal of EGF-R from the 
perimeter membrane of the endocytic pathway allows them 
to be degraded. 

While it is possible that the activated EGF-R kinase initi- 
ates a series of events in the plasma membrane which results 
in sorting at the level of the MVB it is also possible that the 



1. Abbreviations used in this paper. EGF-R, epidermal growth fector recep- 
tor; MVB, multivesicular body. 



EGF-R kinase is active in the endosome where it triggers the 
events that lead to its degradation. The aim of the present 
study was to determine whether there are substrates of the 
EGF-R kinase specifically associated with MVBs. We have 
adapted a previously described density shift protocol (Futter 
and Hopkins, 1989) to isolate highly purified MVBs con- 
taining EGF-R and show that the major substrates of the 
EGF-R kinase in MVBs are the EGF-R itself and annexin I. 
Since annexin I is a protein which interacts with membranes 
and actin-containing cytoskeletal elements (Glenney et al., 
1987) and can promote phospholipid vesicle fusion in vitro 
(Ernst et al. , 1990), it could regulate the production of inter- 
nal vesicles within MVBs. 



Materials and Methods 
Cell Lines 

NIH 3T3 cells, strain 2.2, tranafected with plasmid bearing either the full- 
length cDNA for the human EGF-R (HER14 cells), or the cDNA encoding 
the human EGF-R with lysine 721 replaced with alanine (K721A cells), and 
each expressing roughly 400000 receptors per cell, were used (Honegger 
etal., 1987). Cells were maintained in DME supplemented with 10% PCS 
at 37X in a 5% CO, atmosphere. 

Colloidal Gold Complexes 

Gold particles (10 nm) were prepared using the tannic acid method of Slot 
and Geuze. 0985). and were stabilized with the mAb 108, according to 
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J jroceduic»(DcMey t 1986). The cxa^jkw wot stored in OQ2% 
asde at 4°C and we washed by caarifogation in an airfuge (Bedanan 

Iodination 

EGF (mouse EOF; Sigma Chemical Co., ftx>le, UK) was iodinated iccoid- 
nated using iodobeads (Pierce, Chester, UK). 



•etibody agamst amain I. Antibody-bound proteins not 
^usmgSay^ytococaa 
analyzed by SDS-IKGE, 



Incubation Procedures 

^ incubations wereperfo^^ pH74 
2 mg/ml BSA. EGF was used at a concentration of 20 nM. 108-iold was' 
2^ ^ * < SS? !r,tio11 ^ OD »> <rf0-3-a4. InaibationTwe per- 
formed at37 C unless otherwise indicated and for the times indicated in 
Results, Where the proportion of cell-associated I23 I-EGF that was plasma 
membrane bound was to be c^enm^ 

salme, pH 2.5, for 5 min at 4 P C to remove jilaaina meinbrane-bound EGF 
before digestion of the cells in 5 M NaOH. 

Subcellular Fractionation Procedure 



Sw^jffJ'l* socrosc, 1 mM EDIA, 200 fiM orthovanadate, 1 mM 

bufer and lysed by eight strokes throinjh a 21 g needle. Uiibroken alls and 
mK deu were removed by centrim^^ 
mgposmudearsupeniatamwasn^^ 

dient, contaimng t n e thanolaminc , EDIA, orthovanadate, and PMSF at the 
aameamcenMions and pH as the lysis bufer. Gradients were then cen- 
ttiftige^aBeckmanSW40rc^^ 

xatjS" Gradicilts fractionated from the bottom into 15 

EM 

Cells a nd fra ctions were fixed in dilute Karnovsky fixative, postfixed in os- 
nnum tetroxide, and embedde d and sectioned so that the full thickness of 
the peflrt could be examined. Sections were stawed in aqueous uranyl ace- 
tate and lead dtiate and cxainined m a C 

SDS-PAGE and Western Blotting 

cSf M ? E 1*" pcrfonned weeing conditions. Proteins on 

t~ *?^^ imde gC !V WCie d0Ctro P h0 ^^ transferred to nitroceJlu- 
lose tor 16 n in a transfer apparatus (Bio-Rad laboratories, Cambridge 
MA) at a constant current of 100 mA. After incubation with either rabbit 
antt-EGr^antiserum^ (Kris et al„ 1985), rabbit anti^phosphotyro- 

S^JS^, * ^ an ?-f nCXin 1 Mtiaen,m (* Pft S. Moss, 
Umversity College, London), blots were washed and incubated in ^I- 
pnaeinA^lott were analyzed by autoradiography and, where quantitation 
was performed, radioactive bands were excised, and counted. 



In Vitro Phosphorylation Studies 



CeUfractic^ 150mMNaCl 
MnCla> 20 ortnovaiiadate, and [y^P]XT? (5 mM). Reactions were 

Tb examine the eflfects of phosphorylation on calcium dependence of 
inembrane association of MVB proteins, j)hosphorylatkm reactions were 
jwfonned as above. MVBs were then washed twice with 20 mM Hepes 
PH7.4, 150 mMNaC1.200 M M orthovanadate, containing either L5 mM 

200000$ for 1 h at 4°C in a Beckman TLX ultracentriruge, and the pellets 
were examined by SDS-rWJE. ^ 



Annexin I ImmunoprecipUation 



Tb identify annexin 1, in vitro phosphorylation assays were carried out as 
atave^bw were stopped by the addition of NDET (10 mM Iris, pH 7. 4 , 
IZ^^^J^^}?*' 66 containing 1 mM PMSF 

I ^^2^ aDdm SDS ' were clarified by centrifugal 

Uc^a4,000^to5rnin) f andwerethen incubated with a rabbit polyclonal 



Results 

Isolation of Highly Purified 
Endosomes by Density-shift Using EGF-R 
Antibody-Gold Complexes 

We have previously shown in H.Ep.2 cells that antibody to 
tnet transferrin receptor completed to colloidal gold can be 
used to modify the density of endocytic compartments in- 
volved in the processing of the EGF-receptor complex so 
t^t they can be purified by sucrose density centrifugation 
(Futte and Hopkins, 1989). In the present study we «- 
tended this technique to NIH-3T3 cells transfected with ei- 
ther the wild type human EGF receptor or a human EGF 
receptor with a point mutation in the putative ATP binding 
fn^^T 0 * 8 recc P tor Jonase negative (Honegger et al 
1987). lb isolate endocytic compartments containing EGF-R 
by density shift we employed a mAb (108) to EGF-R com- 
plexed to colloidal gold. The 108 antibody binds to the 
external domain of the EGF-R and has been shown, when 
saturating EGF concentrations are used, not to stimulate in- 
ternalization or kinase activity of the EGF-R, or to interfere 
vvithEGFbinding(BeUotetal. f 1990). Tb induce a sufficient 
increase in density of endocytic compartments containing 
108-gold, it was necessary to stimulate cells with saturating 
concentrations of EGF. Under these conditions both the ki- 
nase positive and negative EGF-R are internalized at similar 
rates (Felder et al., 1990). Our previous studies using gold 
complexes to density shift endocytic compartments showed 
that gold-loaded endosomes will pellet through 52% sucrose 
whereas gold-loaded plasma membranes will not (Futter and 
Hopkins, 1989). lb begin we established the rate of EGF-R 
mtemalization by following >*I-EGF uptake, and showed 
that >70% was internalized within 20 min of EGF stimula- 
tion (Fig. la). 

Fig. 1 b shows the recovery of EGF and EGF-R in the pel- 
let after sucrose density gradient fractionation of cells after 
similar stimulation with EGF. Recovery of EGF-R was as- 
sessed by Western blotting with anti-EGF-R antibody The 
increase in recovery of EGF and EGF-R in the pellet with 
increasing lengths of incubation after EGF stimulation 
showed similar kinetics to that of EGF-stimulated internali- 
zation, showing that endocytic compartments rather than 
plasma membrane pellet under the fractionation conditions 
used. 

Examination of the endosome pellet isolated by fraction- 
ation of 108-gold-loaded cells expressing the wild type 
EGF-R 20 min after EGF stimulation showed that all mem- 
branous elements labeled with gold were endosomal, many 
of which were clearly identifiable as MVBs (Fig. 2 a). Quan- 
titation of the number of vesicles which contained gold by 
counting random sections showed that 34% of vesicle 
profiles found in the pellet contained gold. Vesicle profiles 
which lacked gold presumably contained gold particles in 
anoth r section plane. Electron microscopic examination of 
the pellet from cells expressing the kinase negative EGF-R 
showed that 14% of the vesicle profiles contained g Id. This 
lower figure compared to the wild type fraction is consistent 
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Figure I (a) Cells expressing wild type EGF-R were stimulated 
with 123 I-EGF for the indicated times. The percent of total cell- 
associated EGF that had been internalized was determined by acid 
stripping, (b) Cells expressing wild type EGF-R were incubated 
with 108-gold for 30 min and were then stimulated with 125 I-EGF 
for the indicated times. Cells were lysed and fractionated. The per- 
cent of postnuciear supernatant I25 I-EGF (0) and EGF-R (■) that 
was recovered in the pellet after sucrose density gradient fractiona- 
tion was determined. Quantitation of the EGF-R was performed by 
blotting gradient fractions with anti- EGF-R antibody. Iodinated 
protein A and autoradiography were used to visualize bands, which 
were excised and counted. 



with observations on intact cells (Felder et al., 1990) which 
have shown that there is significantly less EGF-R in the MVB 
compartment of kinase negative cells. It should be noted 
nevertheless that the majority of gold-loaded elements in the 
pellets from the kinase negative cells are MVBs (Fig. 2 b). 
Presumably the other gold^ntaining elements of the endo- 
cytic pathway were too buoyant to pellet. Previous studies 
have shown, through measurement of marker enzyme activi- 
ties and by EM, that in a number of different ceU lines nonen- 
dosomaJ organelles do not pellet under the fractionation con- 
ditions used (Beardmore et al., 1988; Futter et al., 1989; 
BeaumeUe and Hopkins, 1990). However amorphous mate- 



Figure 2. Cells expressing either wild type (a) or kinase negative 
(b) EGF-R were incubated with 108-gold for 30 min, and werethen 
stimulated with EGF for 20 min. Cells were then lysed and frac- 
tionated, and the pellet after sucrose gradient fractionation was 
processed for nucroscopy. All membranous elements that contain 
gold are endosomal, many of which are MVBs. Amorphous mate- 
rial, presumably of cytoskeletal nature, consistently pellets with 
endosome fractions. Bar, 05 /*m. 

rial, presumably a component of the cytoskeleton, consis- 
tently pellets with endosome fractions. 

The Fate of the Plasma Membrane during Density 
Shift Separation of Gold-loaded Endosomes 
When cells were stimulated with EGF for 1 min after pre- 
incubation with 108-gold (when the majority of EGF-R are 
plasma membrane associated), the density of the plasma 
membrane fraction was increased. Thus, in the absence of 
108-gold binding, plasma membrane was found in a peak in 
fractions 8-12 (Fig. 3 a) while binding of 108-gold to the 
plasma membrane caused a shift to fraction 6 (Fig. 3 b). Af- 
ter stimulation of cells with EGF for one minute EGF-R was 
still found in fraction 6 (Fig. 3 c). EM of this fraction showed 
that it was composed of large vesicle profiles bearing EGF- 
R-gold particles on their outer surfeces (results not shown), 
in contrast to MVBs where the gold particles were found 
only on the inner surfaces of the perimeter membrane. 

Substrates Phosphorylated in Endosomes and 
Plasma Membrane Isolated from Cells Expressing 
Wild type EGRR Kinase * * 

To determine whether proteins are phosphorylated in MVBs 
as a result of activation of the EGF-R kinase, phosphoryla- 
tion was examined in endosomes isolated from NIH 3T3 
cells expressing either the wild type or the kinase negative 
EGF-R. Endosomes were isolated 20 min after EGF stimu- 
lation when the majority of both kinase negative and wild 
type EGF-R are in MVBs (Felder et al., 1990) and the den- 
sity shifted fractions are composed primarily of MVBs (Fig. 
2). When MVBs isolated from NIH 3T3 cells expressing the 
wild type EGF-R were incubated with [y- 33 P]ATP in vitro 
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Figure 3. Cells expressing 
wfld type EGF-R were incu- 
bated with no gold (a), 108- 
gold for 30 min (b), or 108- 
gold for 30 min, followed by 
stimnlfltkm with EGF fori min 
(c). Cells were lysed and frac- 
tionated and gradient fractions 
were analyzed by Western blot- 
ting with ami-EGF-R antibody. 
Iodinated protein A and auto- 
radiography were used to vi- 
sualize bands, which were ex- 
cised and counted. 
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two major phosphorylated substrates were detected, the 
EGF-R itself and a protein of approximately 35 kD (Fig. 4 
a). The 35-kD protein could be immunoprecipitated with 
anti-annexin I antibody (Fig. 4 b). 

To determine whether annexin 1 is phosphorylated in 
plasma membrane fractions in addition to MVBs, plasma 
membrane fractions were isolated from cells stimulated with 
EGF for one minute. When these fractions were incubated 
with [y-»P]ATP in vitro several substrates were phos- 
phorylated including the EGF-R (Fig. 4 a), but immunopre- 
cipitauon with annexin I antibody showed they did not in- 
clude annexin I (Fig. 4 b). 

MVB and plasma membrane fractions from cells express- 
ing the kinase negative EGF-R, used as a control, showed 
that neither the EGF-R nor the 35-kD protein were phos- 
ph rylated (Fig. 4, a and b). 

To confirm that the phosphorylation of annexin I in the 
MVB was due to the presence of an active EGF-R kinase we 
carried out a parallel study using H.Ep.2 cells in which we 
have shown previously that EGF-R containing MVBs can be 
isolated by density shift when loaded with anti-transferrin 
receptor-gold complexes and stimulated with EGF (Futter 
and Hopkins, 1989). Western blotting the isolated MVBs 
showed that EGF stimulation of transferrin receptor-gold- 
toaded cells resulted in a fivefold increase in the amount of 
EGF-R that co-localized with transferrin receptor in MVBs 
(results not shown). In vitro phosphorylation assays showed 
that a number of proteins became phosphorylated in MVBs 
isolated from H.Ep.2 cells, but only in MVBs that contained 
an active EGF-R kinase did the EGF-R and a 35-kD protein 
become phosphorylated (Fig. 5 a). Immunoprecipitation 
confirmed this protein was annexin I (Fig. 5 b). 

We conclude that annexin I is present in isolated MVBs 
and that it can be phosphorylated in vitro in the presence of 
an active EGF-R kinase. 

Phosphorylation and the Calcium 
Dependence of Annexin I Binding to MVBs 
and Plasma Membrane 

Annexin I has been isolated as an EDTA eluate of mem- 





2S *P ?2Z C * pre&sin S rither the wild type (+) or the 

bnase negative (-) EGF-R were incubated with loTgold for 30 
nun. Cells were then stimulated with EGF for 1 mm fo isolate a 

£^n^T^ 0n (W) or for 20 min to isolate an MVB 
fracnon (MVB). Cells were then lysed and fractionated. The PM 
fracnon was taken from fraction 6 and the MVB fraction wa, uken 
SUCTOSe « radiem donation. In vitro phos- 
?ff 0 ^ ^Performed on the isolated fractions*, 
described m Materials and Methods. Either the whole fraction (a) 
^r 8 ^^}" 010000 ?^^^ of the fraction (i>) were 

^^bySDS-PAGEonalO%gd.T^EG^R iS presentm«S 
annem I immunoprec^.tations because the fractions contain anti- 
EGF-R gold, but in control immunoprecipitations that do not in- 
clude anti-annexin I antibody, annexin I is not immunoprecipitated 

^s^ssr to ** egf - r ~ 1:2:1:14 



branes and shown to associate with phospholipids in a cal- 

S Um n < o?^1f nt T^" (Glenney et I987 >- Haigl" « 
al., 0987) have shown that in addition to the calcium- 
dependent form there is a form of annexin I in human 
placenta which associates with membranes independently of 
calcium and can be phosphorylated by the EGF-R kinase 
Phosphorylation of this form of annexin I converts the pro^ 
tern into a form that associates with membranes only in the 
presence of calcium. The MVBs used in the present study 
are isolated in the presence of EDTA and so the annexin I 
that is phosphorylated in vitro must remain associated with 
membranes in the absence of calcium. In order to determine 
the effect of phosphorylation on the calcium dependence of 

T^i? T? S ' lSOl T d fraCti0nS wcre incubated with 
ly- PJATP and then washed two times in lysis buffer con- 
taining eith r 1.5 mM EDTA or 1.5 mM Ca~. Th mem- 
brane pellet was examined by SDS-PAGE. After washing in 
fcOTA phosphorylated annexin I was no longer associated 
with the MVB pellet. However in the presence of calcium the 
protein remained associated with MVBs (Fig. 6). 
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Figure 1 H.Ep.2 cells were 
incubated with B3/25 (ami* 
traiisferrin receptor>-gold for 
60 min and were then incu- 
bated in the presence (+) or 
absence (-) of EOF for 20 min 
(in the continued presence of 
B3/25-gold). Ceils were then 
lyscd and fractionated . In vitro 
phosphorylation reactions were 
performed on the MVB frac- 
tions as described in Materials 
and Methods. Either the whole 
fraction (a) or an anti-annexin 
I inxmuDOprecipitation of the 
fraction (b) were analyzed by 
SDS-PAGE on a 10% gel. 



The Influence of EGF-R Kinase on the 
Amount cf Annexin I Associated with Plasma 
Membrane and MVBs 

To determine whether an active EGF-R kinase is necessary 
for association of annexin I with MVBs isolated MVBs were 
Western blotted with anti-annexin I antibody and the amount 
of annexin I relative to EGF-R was quantitated. Annexin I 
was present in MVB fractions from cells expressing the wild 
type EGF-R and also those expressing the kinase negative 
EGF-R. However MVBs from NEH 3T3 cells containing 
wild type EGF^R had three- to fourfold less annexin I (rela- 
tive to EGF-R) man kinase negative MVBs (Fig. 7). Simi- 
larly annexin I was present in MVBs from H.Ep. 2 cells iso- 



EDTA 



Ca 



EGF-R 




figure 6. NIH 3T3 cells ex- 
pressing wild type EGF-R were 
incubated with 108-gold for 30 
min and were then stimulated 
with EGF for 20 min. Cells 
were then lysed and frac- 
tionated. In vitro phosphor- 
ylation reactions were per- 
formed on the MVB fractions 
as described in Materials and 
Methods. MVBs were then 
washed in the presence of 
EDTA (ED2A) or calcium (Ca). 
Washed pellets were analyzed 
by SDS-PAGE on a 10% gel. 




Figure 7. (a) NIH 713 cells 
expressing wild type (+) or 
kinase negative (-) EGF-R 
were incubated with 108 gold 
for 30 min. Cells were then 
stimulated with EGF for 1 min 
and a plasma membrane frac- 
tion isolated (PAf) or for 20 
i»t~wi*t™ c mm and an MVB fraction iso- 

lated (AfKB). Fractions were Western blotted with anti-EGF-R an- 
tibody and anti-annexin-I antibody. Iodinated protein A and 
autoradiograp^ were used to visualize bands, which were excised 
andcoiinn^The amount of annexin I (relative to the EGF-R) in 
tractions from wild type cells is expressed as a % of that in the cor- 
respono^fractk^ 
± SEM of four observations. 

toed using transferrin receptor gold with or without prior 
fcGF stimulation, but MVBs containing an active EGF-R ki- 
nase contained approximately twofold less annexin I (rela- 
tive to transferrin receptor) than MVBs lacking an active 
EGF-R kinase (results not shown). We conclude therefore 
that an active EGF-R kinase is not necessary for association 
of annexin I with MVBs. In addition, the reduction in the 
amount of calaiim-independent annexin I in MVBs contain- 
ing an active EGF-R kinase is consistent with the phosphory- 
lation of annexin I in vivo, as we have shown phosphorylation 
of annexin I in vitro to cause its release from MVBs in the 
presence of calcium chelator. To confirm, as our in vitro 
results would suggest, that the loss of caJcium-iiidependent 
annexin I through phosphorylation occurs in MVBs rather 
than on the plasma membrane, the amount of annexin I as- 
sociated with plasma membrane fractions containing wild 
type and those containing kinase negative EGF-R was com- 
pared. Plasma membrane fractions containing wild type 
EGF-R and those containing kinase negative EGF-R con- 
tained similar levels of annexin I relative to EGF-R (Fig. 7), 
suggesting that the release of calcium independent annexin 
I through phosphorylation does not occur on the plasma 
membrane. 

Discussion 

We have shown in previous studies that an active EGF^R ki- 
nase is necessary for lysosomal sorting (Honegger et al 
1987; Felder et al., 1990). Other investigators have also" 
shown a reduction in EGF-stimulated degradation of EGF in 
cells expressing a kinase negative EGF-R but they have con- 
cluded that this is due to a reduced internalization rate, 
rather than to defective lysosomal sorting (Glenney et al ' 
1988; Chen et al., 1989; Wiley et al., 1991). Most recently 
Felder et al. Q992) obtained data to suggest that the role of 
the EGF-R kinase in internalization concerns rjrimarily high 
affinity EGF-R. At the saturating concentrations of EGF 
used in the present study our previous biochemical and mor- 
phological studies (Felder et al., 1990) clearly show that 
there is a similar rate of internalization of both the wild type 
and the kinase negative EGF-R and it is in the MVB that the 
pathways of the wild type and kinase negative EGF-R di- 
verge. A recent study of another growth factor receptor ki- 
nase, the receptor for colony stimulating fector 1, has shown 
that an active kinase is not necessary for internalization but 
is a requirement for lysosomal sorting (Carlberg et al., 
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The requirement for an active EGF-R kinase for efficient 
degradation indicates that either die EGF-R must be auto 
phosphorylatedtobeeffiriei^ 

kinase phosphorylates a substrate necessary for lysosomal 
targeting. When kinase positive and kinase negative EGF-R 
are expressed in the same cell, heterodimers form in re- 
sponse to EGF and die kinase negative EGF-R becomes 
tyrosine phosphorylated (Honegger et al., 1990). However, 
in this syst em k inase negative EGF-R are still predominantly 
recycled. It is therefore likely that phosphorylation of a sub- 
strate accessible only in the MVB is necessary for degrada- 
tion This would require the EGF-R kinase to be active in 
the MVB. There is considerable evidence that the EGF-R ki- 
naseis active in the endosome. Amophosphorylation activity 
of the EGF-R kinase has been demonstrated in vitro in endo- 
some fractions from A431 cells (Cohen and Fava, 1985) and 
rat liver (Kay et al., 1986; Lai et al., 1989). We and others 
(Carpentier et al., 1987; Nesterov et al., 1990) have shown 
that EGF stimulation results in prolonged autophosphoryla- 
tion <rf the EGF-R, suggesting that the EGF-R kinase is still 
active after internalization in vivo. W&da et al. (1992) have 
shown that the EGF-R kinase is more highly phosphorylated 
in the endosome than on the plasma membrane. Moreover 
the internalized EGF-R kinase can phosphory late a synthetic 
substrate introduced into permeabilized cells (Nesterov et 
al., 1990). 

In this study we searched for substrates of the EGF-R ki- 
nase associated with MVBs. Western blotting isolated 
MVBs with anti-phosphotyrosine antibody Med to reveal 
any major substrates of die EGF-R kinase apart from die 
EGF-R itself. However, when highly purified MVBs con- 
taining die wild type EGF-R are incubated with [y- 32 P]ATP 
the major proteins phosphorylated are die EGF-R itself and 
annexin I. Neither proteins are phosphorylated in MVBs 
containing the kinase negative EGF-R. Similarly when 
MVBs from H.Ep.2 cells are isolated using transferrin 
receptor gold in the presence or absence of EGF, only in en- 
dosomes isolated from cells that have been stimulated with 
EGF does annexin I become phosphorylated. In contrast, 
annexin I is not phosphorylated in plasma membrane frac- 
tions whether or not an active EGF-R kinase is present. We 
have demonstrated therefore that in the presence of an active 
EGF-R kinase annexin I can be phosphorylated in MVBs, 
but not plasma membrane, in vitro. It is likely that annexin 
I is phosphorylated directly by the EGF-R kinase , rather than 
through activation of an intermediate kinase, as annexin I is 
efficieatiy phosphorylated by purified EGF-R kinase (De et 
al., 1986; Huang et al., 1986) and there is no evidence of 
an intermediate substrate in the MVB preparations. 

Our in vitro results are consistent with the kinetics of 
phosphorylation of annexin I in vivo. Sawyer and Cohen 
(1985) showed that annexin I is not phosphorylated until the 
majority of EGF-R have been internalized and suggested that 
annexin is phosphorylated by the endosomal EGF-R kinase 
Cohen and Fava (1985) showed that purified annexin I added 
to a partially purified intracellular vesicle fraction could be 
phosphorylated by the EGF-R kinase, and that this reaction 
was dependent upon the presence of calcium. In the present 
study we show an association of endogenous annexin I with 
endosomes that is independent of calcium but this form of 
annexin I can be ph sphorylated by the EGF-R kinase and 
upon phosphorylation requires calcium for membrane as- 



sociation. This is in agreement with the studies of Haider 
et al. 0987) who showed that phosphorylation ofthe 
calcium-independent form of annexin I in human placental 
membranes converts it into a form that requires calcium for 
membrane association. The nature of the calcium-indepen- 
dent interaction of annexin I with membranes « unkno wn but 

we have shown here that the association is independent ofthe 
density of EGF-R within the membrane. The interaction 
therefore presumably does not involve a direct interaction 
with die EGF-R such has been described for the EGF-R ki- 
nase substrates, Phospholipase C y (Miesenhelder et al., 

19 3i?£ (Bouton ct 1991 >- a* 1 < a pp * a., i99i), 

and \fcv (Bustelo et al., 1992; Margolis et al., 1992) which 
interact with EGF-R via SH2 domains. Quantitation of the 
total amount of annexin I in plasma membrane and MVB 
fractions has shown that the presence or absence of an active 
EGF-R kinase has little effect on the amount of annexin I in 
plasma membrane fractions but die presence of an active 
EGF-R kinase causes a reduction in the amount of annexin 
I m MVB fractions. These results are consistent with an- 
nexin I being phosphorylated in MVBs and thus converted 
to a form that is eluted during fractionation in the presence 
of calcium chelator. 

Wada et al. (1992) in a study of phosphoproteins as- 
sociated with endosomes of rat liver did not report annexin 
I associated with endosomes. \teda et al. 0992) did however 
detect a 55-kD phosphoprotein associated with endosomes. 
We were not able to detect this substrate in either NIH 3T3 
or H.Ep.2 cells, either after in vitro phosphorylation or by 
Western blotting isolated fractions with anti-phosphotyro- 
sine antibody (results not shown). These differences may 
arise because (liferent stages of processing of the EGF-R 
were examined. Wida et al. 0992) studied endosomes iso- 
lated a maximum of 15 min after EGF stimulation. At this 
time point the authors were unable to demonstrate sequestra- 
tion of EGF-R within intra-luminal vesicles in the liver That 
sequestration of EGF-R in intra-luminal vesicles does occur 
in the liver has been shown by Renfew and Hubbard 0992) 
In agreement with our proposal the latter authors suggest that 
movement of EGF-R from the limiting membrane of endo- 
somes to the lumen of lysosomes permits degradation of the 
EGF-R. Wada et al. 0992) may thus have been examining 
early events in the processing of the EGF-R, before removal 
of EGF-R from the limiting membrane. 

Thus we have shown that annexin I is associated with 
plasma membrane and MVBs in a calcium-independent 
manner and can be phosphorylated in vitro in the presence 
of an active EGF-R kinase in MVBs, but not in plasma mem- 
brane. Phosphorylation of the calcium-independent form of 
annexin I converts it into a form that requires calcium for 
membrane association. MVBs, but not plasma membrane, 
containing an active EGF-R kinase contain less calcium- 
independent annexin I than those that do not contain an ac- 
tive EGFiR kinase. We believe therefore that calcium- 
independent annexin I is phosphorylated in vivo in MVBs 
whereupon it is released during fractionation in the presence 
of calcium chelator. 

The requirement for th EGF-R kinase to be active for 
transfer to the inner vesicles of MVBs (Felder et al., 1990), 
together with die demonstration here that annexin I is a ma- 
jor ph sphorylated substrate in MVBs, suggest that annexin 
I may play a role in mediating inward vesiculation. Mem- 
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brane invagination to form free vesicles is a well-established 
process at otter membrane boundaries but it is important to 
note that in these situations the waginating fece cf tte me 
brane is cytoplasmic In contrast, during inward vesicolation 
in MVBs the evaginatmg 6ce of the membrane is luminal. 
Aimexin Ihas been shown to mediate vesicle aggregation and 
amodel has been proposed whereby aimexin molecules bind 
to phospholipid vesicles and fusion between neighboring 
membranes is mediated by interaction of annexin molecules 
(Blackwood and Ernst, 1990; Ernst et al., 1991). In the 
MVB interaction of neighbouring molecules of annexin I on 
the perimeter membrane may have a role in driving inward 
vesiculation. Release of annexin I through phosphorylation 
may then be required for the inward release of vesicles fiom 
the perimeter membrane. Subfractionation of the MVB to 
analyse the protein composition of the perimeter membrane 
and inner vesicles and the development of in vitro systems 
to study inward vesiculation may allow the molecular dissec- 
tion of the events leading to the formation of internal vesicles 
in the MVB. 
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SUMMARY 

Annexin II, a member of a family of Ca 2+ and membrane 
binding proteins, has been implicated in regulating 
membrane organization and membrane transport during 
endocytosis and Ca 2+ regulated secretion. To characterize 
the mechanistic aspects of the annexin II action we studied 
parameters which determine the endosomal association of 
annexin II. Immunoblot analysis of subcellular membrane 
fractions prepared from BHK cells in the presence of a 
Ca 2+ chelating agent reveals that annexin II remains asso- 
ciated with endosomal membranes under such conditions. 
This annexin II behaviour is atypical for the Ca 2+ regulated 
annexins and is corroborated by the finding that ectopically 
expressed annexin II mutants with inactivated Ca 2+ 
binding sites continue to co-fractionate with endosomal 
membranes. The Ca 2+ -independent membrane association 



of annexin II is also not affected by introducing mutations 
interfering with the complex formation of annexin II with 
its intracellular protein ligand plL However, a deletion of 
the unique N- terminal domain of annexin II, in particular 
the sequence spanning residues 15 to 24, abolishes the Ca 2+ - 
independent association of the protein with endosomes. 
These results describe a novel, Ca 2+ -independent type of 
annexin-membrane interaction and provide a first expla- 
nation for the observed preference of different annexins for 
different cellular membranes. In the case of annexin II this 
specificity could be mediated through specific membrane 
receptors interacting with a unique sequence in the annexin 
II molecule. 

Key words: Ca 2+ /phospholipid binding protein, Endocytosis, 
Membrane-cytoskeleton interaction 



INTRODUCTION 

The Ca 2+ -dependent regulation of membrane-cytoskeleton and 
membrane-membrane interactions plays an important role in a 
number of biological processes ranging from the control of cell 
and organelle shape to that of certain membrane traffic events. 
Among the components thought to be involved in such Ca 2+ - 
mediated processes are the annexins, members of a multigene 
family of Ca 2+ /phospholipid-binding proteins widely distrib- 
uted among species. Typically, all annexins share as a charac- 
teristic biochemical property the ability to bind to negatively 
charged phospholipids and cellular membranes in a Ca 2+ - 
dependent manner, and some members of the family also 
interact Ca 2+ -dependently with certain cytoskeletal elements 
(for reviews see Creutz, 1992; Raynal and Pollard, 1994). 
These annexin properties are displayed by a well conserved 
protein core domain which is resistant to limited proteolysis 
and comprises a four- or eightfold repetition of a segment of 
70-80 amino acid residues, the annexin repeat. Each annexin 
repeat harbours one or two novel types of Ca 2+ binding sites. 
These differ in architecture from the EF hand motif (Moews 
and Kretsinger, 1975) and involve in addition to other elements 



a highly conserved acidic amino acid whose carboxyl oxygens 
are crucially important for Ca 2+ coordination (Huber et al., 
1990; Weng et al., 1993; Jost et al., 1992, 1994). Unique within 
the individual members of the annexin family is the N-terminal 
domain which precedes the protein core and varies in length 
and sequence. It is thought to be of regulatory importance as 
it harbours in several annexins phosphorylation sites for 
different signal transducing kinases (for review see Raynal and 
Pollard, 1994). 

Annexin II is implicated in several membrane transport 
steps. These include the Ca 2+ -regulated secretion since annexin 
II, which is a prominent component in chromaffin granule 
preparations, is able to aggregate these vesicles at Ca 2+ levels 
which are close to those observed in stimulated chromaffin 
cells, and partially restores the secretory responsiveness in per- 
meabilized chromaffin cells (Ali et al., 1989; Sarafian et al., 
1991; for review see Creutz, 1992). Such Ca 2+ -regu!ated 
function of annexin II in the exocytotic pathway seems to 
depend on a complex formation of the protein with its intra- 
cellular ligand, the SI 00 protein pll. Complex formation, 
which leads to an annexin Ihpl h heterotetramer, is mediated 
through the N-terminal domain of annexin II (for review see 
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Weber, 1992) and is a prerequisite for anchoring annexin II in 
the cortical region of cultured cells (Thiel et al., 1992; Jost et 
al., 1994). Based on these findings it had been suggested that 
the annexin II-pl 1 complex may participate in Ca 2+ -regulated 
exocytosis by linking exocytotic vesicles to the cortical 
cytoskeleton and/or the plasma membrane and thereby pos- 
itioning the vesicle at the correct place in the cell (for reviews 
see Creutz, 1992; Gerke, 1996). 

Several lines of evidence indicate that annexin II is also 
involved in endocytotic processes. The protein is found on 
isolated early endosomal membranes and is one of the few 
proteins transferred from a donor to an acceptor endosomal 
membrane in an in vitro fusion assay (Emans et al., 1993). 
Moreover, ectopic expression of a /rans-dominant mutant for 
the annexin II-pl 1 complex, which leads to the intracellular 
aggregation of annexin II and pi 1, specifically affects early 
endosomes which are translocated to the site of the aggregates 
(Harder and Gerke, 1993). Finally, in a cell-free system 
purified annexin II reconstitutes in conjunction with arachi- 
donic acid a Ca 2+ -dependent fusion among endosomes which 
previously had been washed with the Ca 2+ chelating EDTA 
(Mayorga et al., 1994). 

The mechanism by which annexin II affects fusion proper- 
ties and/or the organization and intracellular location of 
endosomal membranes is not known. To shed light on this 
mechanism and to elucidate the structural requirements for an 
annexin II-endosome interaction we analyzed the subcellular 
fractionation of ectopically expressed mutant derivatives of 
annexin II. We show that the co-fractionation of annexin II with 
endosomal membranes is not regulated by Ca 2+ - and pll- 
binding. This Ca 2+ -independent membrane association does, 
however, depend on the presence of amino acids 15 to 24 of 
the unique N-terminal domain of annexin II. 



MATERIALS AND METHODS 
Expression constructs 

The cDNA encoding human annexin II (Huang et al., 1986) served as 
a template for oligonucleotide-directed mutagenesis (Kunkel, 1985) 
which was employed to generate mutant cDNAs encoding defective 
Ca 2+ (CM) and/or pll (PM) binding sites (Jost et al., 1994). The 
mutants containing a deletion of the region encoding the N-terminal 
14 or 24 amino acid residues were constructed by PCR using the wild- 
type (WT) cDNA as a template and the oligonucleotides Al (5' 
CTGTGCAAGCTCGAATTCGAGATGTCTCACTCTACACC 3') or 
A2 (5' CTACACCCCCGAATTCATATATGTCTGTCAAAGCC 3') as 
sense and the oligonucleotide A3 (5' GACCTGTTATCTAGAAG- 
CATGGTG 3') as antisense primers, respectively. All annexin II 
cDNAs also contained a single nucleotide exchange resulting in a 
glutamic acid for alanine replacement at amino acid position 65. This 
substitution installed the epitope for the monoclonal antibody H28 and 
thus enabled us to use this antibody to specifically detect the recom- 
binantly expressed annexin II derivatives (Thiel et al., 1991). For 
expression in BHK cells the individual annexin II cDNAs were cloned 
into the pCMV5 vector to yield the constructs pCMV-WT, pCMV- 
PM, pCMV-CM, pCMV-PMCM, pCMV-Al-14, and pCMV-Al-24. 
The presence of the individual mutations was verified by dideoxy 
sequencing (Sanger et al., 1977). 

Cell culture and transf ction 

Hamster BHK cells were grown in Dulbecco's modified Eagle's medium 
(Gibco-BRL) supplemented with 10% fetal calf serum (Boehringer, 



Mannheim). Transient transfection employed a modified calcium 
phosphate precipitation method (Chen and Okayama, 1987) using 20 jag 
of the respective plasmid DNA per 100 mm dish of cells grown to 50% 
confluency. After addition of the DNA, cells were incubated for 12 to 
16 hours at 35°C in 3% CO2, then washed with PBS and cultivated in 
fresh medium using normal culture conditions. Between 30 and 40% of 
the total cell population was expressing the exogenous protein 40 hours 
following transfection, as revealed by routine immunofluorescence 
analysis with the monoclonal antibody H28. 

Fractionation of endosomal membranes 

Labeling and fractionation of endosomes was carried out essentially 
as described by Gorvel et al. (1991) and Aniento et al. (1996). Briefly, 
four 100 mm dishes of untreated BHK cells or six dishes of trans- 
fected cells were incubated at 37°C with 2 mg/ml horseradish perox- 
idase (HRP) in IM (internalization medium: Dulbecco's modified 
Eagel's medium supplement with 10 mM Hepes, pH 7.4). To label 
early endosomes the HRP incubation was carried out for five minutes. 
Late endosomal labeling was achieved by treating the cells for five 
minutes with HRP in IM followed by a 45 minute chase in IM sup- 
plement with 2 mg/ml bovine serum albumin. Subsequently, the cells 
were lysed in HB buffer (0.25 M sucrose, 3 mM imidazole-HCl, pH 
7.4) followed by a low speed centrifugation to yield a post-nuclear 
supernatant (PNS). The PNS was brought to 40.6% sucrose, 3 mM 
imidazole-HCl, pH 7.4, and placed at the bottom of a SW 60 cen- 
trifugation tube (Beckman). This load was overlaid with 1 .5 ml of 
35% sucrose, 3 mM imidazole-HCl, pH 7.4, then with 1 ml 25% 
sucrose, 3 mM imidazole-HCl, pH 7.4, and finally with 0.5 ml HB 
buffer. In some experiments, the sucrose solutions were supplemented 
with 1 mM EDTA to reduce the free Ca 2+ concentration. The step 
gradient was centrifuged at 35,000 rpm for 60 minutes at 4°C. 
Fractions containing late and mulitvesicular endosomes were 
collected at the 25% sucrose-HB interface and early endosomes were 
enriched at the 25%-35% sucrose interface. Fractions containing 
heavy membranes (HM) were collected at the 35%-40.6% sucrose 
interface. The activity of endocytosed HRP present in the different 
fractions was analyzed as described (Gorvel et al., 1991) and latency 
was measured according to Bomsel et al. (1990). Proteins present in 
the different fractions were concentrated by chloroform/methanol pre- 
cipitation (Wessel and Flugge, 1984) and 10 u.g of each fraction (as 
determined according to Bradford, 1976) were separated by SDS- 
polyacrylamide gel electrophoresis (PAGE) (Laemmli, 1970) and 
analyzed by immunoblotting (Towbin et al., 1987). 

Immunofluorescence analysis of annexin II and transferrin 
receptor distribution 

BHK cells grown on glass coverslips were co-transfected with an 
expression construct encoding the human transferrin receptor (hTfR) 
cDNA (pCMV-hTfR; Harder and Gerke, 1993) and with one of the 
expression constructs encoding wild-type (WT) or mutant annexin II 
derivatives (pCMV-WT, pCMV-PMCM, pCMV-Al-24). At 40 hours 
post transfection the cells were incubated for 1 hour in serum-free . 
medium and then for 30 minutes in serum-free medium containing 20 
Hg/ml human transferrin (Boehringer) to obtain an efficient hTfR inter- 
nalization into early and recycling endosomes. Subsequently, the cov- 
erslips were washed briefly in cold PBS and placed, cells facing down, 
for 10 minutes at 4°C onto a 50 pil drop of a solution containing 
activated streptolysin O (SLO; obtained from Dr S. Bhakdi, University 
of Mainz, FRG; Bhakdi et al., 1993). SLO was employed at 5 ug/ml in 
intracellular transport buffer (ICT; 78 mM KC1, 4 mM MgCh, 8.37 mM 
CaCl2, 10 mM EGTA and 1 mM DTT; Burke and Gerace, 1986). EGTA 
in the ICT buffer was omitted in experiments analyzing the Ca 2+ - 
dependent association of A 1-24 annexin II with endosomes. Following 
incubation at 4°C the excess SLO that did not bind to the plasma 
membrane was removed by two washes with cold ICT. For permeabi- 
lization the coverslips were placed on pre-warmed drops of ICT for 10 
minutes at 37°C. The effectiveness of permeabilization could be 
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measured by LDH release. The cells were then washed for an additional 
10 minutes with cold ICT to obtain an efficient depletion of the cytosol. 
For double immunofluorescence staining of the trans fee ted hTfR and 
annexin II, the cells were fixed for 2 minutes in -20°C cold methanol, 
washed with PBS and incubated with the first antibodies in a humid 
chamber for 45 minutes at room temperature. Mouse anti-human CD71 
(IgG2A; Pharmingen) was employed to label the hTfR and the mouse 
monoclonal H28 (IgGl; Osborn et al., 1988) was used to specifically 
detect the ectopically expressed annexin II derivatives. The coverslips 
were then washed 3x 10 minutes with PBS and incubated for 45 minutes 
with the corresponding fluorescently labeled secondary antibodies 
(isotype-specific antibodies directed against mouse IgGl and IgG2A, 
respectively). After three final PBS washes the coverslips were mounted 
in Moviol 4-88 (Hoechst). Cells were examined with a Zeiss axiophot 
photomicroscope and photography employed Kodak P3200 film. 

Antibodies 

The polyclonal rabbit antibodies directed against annexins II and IV 
as well as the mouse monoclonal anti-annexin II antibody H28 have 
been described (Gerke and Weber, 1984; Osborn et al., 1988). Anti- 
bodies against the early endosome-associated protein EEA1 (Mu et 
al., 1995) were kindly provided by Dr Ban-Hock Toh (Monash 
Medical School, Melbourne, Australia). Peroxidase coupled anti- 
bodies (Dako) were used as secondary antibodies and immunoreac- 
tive bands were visualised using the ECL chemoluminescence system 
(Amersham-Buchler). For double immunofluorescence analysis of 
transfected cells ectopically expressing hTfR and annexin II, FITC- 
coupled goat anti-mouse IgG2A and Texas red-coupled goat anti- 
mouse IgGl (Southern Biotechnology Associated Inc.) were 
employed as secondary antibodies. 

RESULTS 

The association of annexin II with endosomal 
membranes in the presence and absence of Ca 2+ 

To analyze whether and how Ca 2+ ions affect the association of 
annexin II with endosomal membranes we probed subcellular 
fractions of BHK cells prepared in the absence or presence of the 
Ca 2+ chelating EDTA with an annexin II antibody. In these exper- 
iments an enrichment of annexin II in a given subcellular fraction 
was assessed by comparing the respective immunoblot signal to 
that obtained when an equal amount of total protein from the 
starting material for gradient fractionation, the post nuclear super- 
natant (PNS), was analyzed. Fig. 1 reveals that annexin II is 
enriched in fractions containing early endosomal membranes and 
to a lesser extent in those containing late endosomes when cell 
lysis and subsequent gradient fractionation are carried out in the 
absence of EDTA (as already shown by Emans et al., 1993). 
Unexpectedly the cofractionation with early endosomes is not 
affected by including EDTA in all buffers used in the subcellular 
fractionation indicating that the annexin II binding to early 
endosomes still occurs at submicromolar Ca 2+ concentrations 
(Fig. 1). A Ca 2+ -independent association of annexin II with 
endosomes is also corroborated by ultrastructural analyses of 
mechanically perforated MDCK cells. When these cells are 
incubated in a physiological buffer in the absence of Ca 2+ prior 
to fixation they retain the majority of their endosome associated 
annexin II although the soluble protein and a substantial fraction 
of the plasma membrane associated annexin II is lost (Harder et 
al., 1997). 

Further immunoblot analysis reveals that annexin IV is 
another annexin present in BHK cell fractions containing 
endosomal membranes (Fig. 1). However, in contrast to 



annexin II, annexin IV is enriched to an equal extent in 
fractions containing early and in those containing late 
endosomes and its co-fractionation with the respective 
membrane fractions is sensitive to Ca 2+ chelation (Fig. 1). 
Thus, annexin IV exhibits a behaviour typical for an annexin, 
i.e. a Ca 2+ -regulated interaction with membranes, whereas 
annexin II appears to associate with the endosomal membranes 
in a manner atypical for an annexin. To verify the enrichment 
of early endosomes in the different experiments, the gradient 
fractions obtained were also subjected to immunoblot analysis 
with an antibody against EEA1, a protein of 180 kDa specifi- 
cally associated with early endosomes (Mu et al., 1995; a rep- 
resentative example revealing the specific enrichment of EEA1 
in fractions containing early endosomes is shown in Fig. 1). 
Moreover, in all endosome fractionation experiments the 
enrichment and integrity of the different endosomal 
membranes was routinely monitored by following the fate of 
HRP internalized from the fluid phase (see Materials and 
Methods for details). 
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Fig. 1. Association of annexin II and annexin IV with different 
membrane fractions from BHK cells. A post-nuclear supernatant 
(PNS) was prepared from BHK cells and subjected to flotation 
gradient fractionation in the presence (+) or absence (-) of 1 mM 
EDTA. Fractions enriched in late (LE) and early endosomes (EE) as 
well as those containing heavy membranes (HM) were collected. 
Equal amounts of protein from these fractions (as determined 
according to Bradford, 1976) were subjected to SDS-PAGE and 
subsequent immunoblotting using polyclonal antibodies directed 
against annexins II (upper panel) and IV (middle panel). A control 
immunoblot using antibodies against the early endosome-associated 
protein EEAI is shown in the bottom panel. Note that annexin II is 
enriched in fractions containing endosomal, in particular early 
endosomal, membranes and that this enrichment is not affected by 
the inclusion of the Ca 2+ chelating EDTA. In contrast, annexin IV is 
equally enriched in fractions containing early and late endosomal 
membranes and this association is sensitive to Ca 2+ chelation. 
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Fig. 2. Amino acid 
sequence of human 
annexin II and of 
annexin II mutants used 
in this study. The 
sequence (Huang et al., 
1986) is given in the 
one letter code. The dot 
indicates a Glu for Ala 
replacement which is 
shared by all annexin II 
derivatives described 
here and which 
reconstitutes the 
epitope for the 
monoclonal antibody 
H28 (Osborn et ah, 
1988; Thiel et al., 
1991). Vertical arrows 
mark the amino acid 

substitutions introduced to inactivate the type II Ca 2+ binding sites (D161A, E246A, D321A, generating CM annexin II) and the pi 1 binding 
site (I6E, L7E, generating PM annexin II). The positions of the novel N-termini of the truncation mutants, Al-14 and Al-24 annexin II, are 
indicated by horizontal arrows. 
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Intact Ca 2+ and p1 1 binding sites are not required for 
an endosomal association of annexin II 

As the subcellular fractionation data suggested a novel type of 
annexin-membrane interaction for the annexin II-endosome 
association (one not sensitive to Ca 2+ ) we analyzed the structural 
requirements for this association in more detail. Therefore we 
employed a transfection approach to express ectopically in BHK 
cells certain annexin II mutant proteins. The subcellular distrib- 
ution of these derivatives was determined by flotation gradient 
fractionation of a PNS prepared from the transfected cells and 
subsequent immunoblot analysis of the different fractions using 
a monoclonal antibody specifically recognizing the ectopically 
expressed but not the endogenous annexin II (Thiel et al., 1991). 

In a first approach we analyzed the behaviour of an annexin 
II mutant with inactivated type II Ca 2+ binding sites. These 
sites are located in repeats 2, 3 and 4 of annexin II and they 
were rendered inactive by introducing alanine in place of the 
crucial acidic amino acids serving as so-called cap residues in 
this type of Ca 2+ binding site (D161A, E246A, D321A; CM 
annexin II; Fig. 2). The impairment of the Ca 2+ -sites had been 
verified previously by our biochemical analyses (Thiel et al., 
1992; Jost et al., 1992). An expression construct encoding 
wild-type (WT) annexin II was used in control experiments. 
Fractionation of BHK cells transiently expressing the WT 
annexin II reveals that this ectopically expressed protein shows 
the co-fractionation with endosomal membranes already 
observed for the endogenous annexin II (Fig. 3). Moreover, this 
co-fractionation is observed both in the absence and in the 
presence of a Ca 2+ chelating agent (not shown). 

A very similar result is obtained when the subcellular distri- 
bution of the mutant protein with inactivated Ca 2+ -sites is 
revealed by gradient fractionation, i.e. CM annexin II also co- 
fractionates with early endosomal membranes (not shown). To 
exclude the possibility that CM annexin II associates with 
endosomes through a pi 1 -mediated binding to endogenous 
(intact) annexin II, we decided to analyze the subcellular distri- 
bution of a CM derivative with an inactivated pi 1 binding site. 



pi 1 binding is mediated through the N-terminal 14 amino acids 
of annexin II with the hydrophobic side chains at positions 6 and 
7 (He and Leu, respectively) representing major contact sites 
(Johnsson et al., 1988; Becker et al., 1990). Therefore, we intro- 
duced glutamic acid residues in place of Ile-6 and Leu-7 (I6E, 
L7E; Fig. 2) to inactivate the pll binding site. This PM (pi 1- 
minus) mutation was combined with the CM replacements gen- 
erating PMCM annexin II. As revealed by ligand blotting and 
Ca 2+ -dependent liposome pelleting this mutant protein was 
impaired in both pll and Ca 2+ binding (not shown). Gradient 
analysis of BHK cells expressing PMCM annexin II shows that 
this mutant continues to co-fractionate with early endosomal 
membranes (Fig. 3). Since PMCM annexin II remains 
monomelic these results show unambiguously that Ca 2+ binding 
to annexin II is not required for its cofractionation with early 
endosomal membranes. Interestingly, the somewhat lesser but 
reproducibly observed enrichment of endogenous (Fig. 1) and 
transfected WT annexin II (Fig. 3) in fractions containing late 
endosomes is not seen in the case of the PMCM derivative (Fig. 
3). Likewise, the CM annexin II mutant shows an enrichment 
only in early endosomal but not in late endosomal fractions (not 
shown). This indicates that the cofractionation of annexin II with 
late endosomal membranes requires intact Ca 2+ binding sites in 
the protein and thus differs mechanistically from the Ca 2+ -inde- 
pendent association of annexin II with early endosomes. 

The signal for localizing annexin II Ca 2+ - 
independenfly to endosomal membranes resides in 
the N-terminal domain 

To identify the region in the annexin II molecule mediating the 
Ca 2+ -independent association with endosomes we generated two 
N-terminally truncated derivatives which were again expressed 
in BHK cells and subjected to the fractionation protocol 
described above. We chose the N-terminal domain for a more 
detailed analysis since this region is highly variable within the 
individual annexins and thus likely to be involved in mediating 
specific properties. In a first truncation mutant we deleted the 
entire pll binding site, i.e. amino acids 1-14 (Johnsson et al., 
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Fig. 3. Flotation gradient analysis of membranes from BHK cells 
ectopically expressing annexin D derivatives. BHK cells were 
transfected with expression constructs encoding wild-type (WT) 
annexin II or a mutant derivative containing inactivated Ca 2+ binding 
sites as well as an inactivated pll binding site (PMCM). Membranes 
present in a PNS from such cells were subjected to sucrose gradient 
fractionation and fractions enriched in late endosomes (LE), early 
endosomes (EE), and heavy membranes (HM) were analyzed by 
immunoblotting using a monoclonal antibody (H28) specifically 
recognizing the ectopically expressed annexin n. The distribution of 
endogenous annexin II (endog.) among the membrane fractions from 
non-transfected BHK cells was determined by immunoblotting with a 
polyclonal annexin II antibody and is given for comparison. 
Preparation of the PNS and gradient fractionation were carried out in 
the absence of EDTA to specifically analyze the consequences of the 
Ca 2+ -site mutations. Note that PMCM annexin II which is incapable of 
forming the heterotetrameric annexin II-pl 1 complex and which does 
not bind Ca 2+ continues to co-fractionate with endosomal membranes. 



However, the Ca 2+ -independent association with these structures 
requires the sequence spanning residues 15 to 24. Fig. 4 also 
shows an immunoblot analysis employing EEA1 antibodies on 
gradient fractions prepared from BHK cells expressing the Al- 
24 annexin II mutant. This control reveals that the fractionation 
properties of early endosomes are not affected by the ectopic 
expression of the annexin II mutant. Thus, the loss of Ca 2+ -inde- 
pendent membrane binding in the case of the A 1-24 mutant 
protein is solely due to the deletion of an important sequence in 
the protein and not caused by any putative secondary effects on 
the endosomal membranes in the transfected cells. 

To corroborate the results obtained by subcellular fraction- 
ation we also collected morphological data on the subcellular 
localization of different annexin II mutants. Therefore, BHK 
cells were co-transfected with expression plasmids encoding 
the annexin II derivatives and the human transferrin receptor 
(hTfR) which was included as a marker for early endosomes 
in the transfected cells. At 40 hours following transfection the 
cells were permeabilized with streptolysin O (SLO) and then 
incubated in an intracellular transport buffer (ICT) to release 
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1988), and introduced a novel start by replacing the amino acids 
at positions 14 and 15 (Gly and Asp) by methionine and serine 
(Fig. 2). As expected from the properties displayed by PMCM 
annexin II, i.e. a protein mutant incapable of binding pll, the 
A 1-14 annexin II derivative continues to co-fractionate with 
endosomal membranes in the presence of 1 mM EDTA (Fig. 
4A). This shows again that pll binding is not required and 
further reveals that the entire pi 1 binding site is dispensable for 
a Ca 2+ -independent association with endosomes. 

An additional 10 amino acid residues were deleted in the 
second truncation mutant, A 1-24 annexin II, in which Gly-24 was 
replaced by the novel start-methionine (Fig. 2). The rationale for 
choosing this mutation was twofold. First, we wanted to delete 
or render inactive two phosphorylation sites of potential regula- 
tory importance (Tyr-23 phosphorylated by pp60^ and Ser-25 
phosphorylated by protein kinase C; for review see Gerke, 1992). 
Second, since Lys-27 is part of the discontinous epitope of the 
monoclonal annexin II antibody H28 we decided to leave this 
residue unaffected (Thiel et al., 1991). This enabled us to detect 
the A 1-24 derivative by immunoblotting with the H28 antibody. 
Subcellular fractionation of BHK cells ectopically expressing Al - 
24 annexin II reveals that this derivative fails to co-fractionate 
with endosomal membranes in the presence of a Ca 2+ chelating 
agent (Fig. 4B). An enrichment of A 1-24 annexin II in membrane 
fractions containing endosomes is, however, observed when the 
preparation of the PNS and the subsequent gradient analysis are 
carried out in the absence of EDTA (Fig. 4B). Thus, the annexin 
II core starting at residue 25 displays the Ca 2+ -sensitive interac- 
tion with BHK membranes typical for an annexin, showing a 
preference for early and to a lesser extent late endosomes. 
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Fig. 4. Effect of N-terminal deletions on the Ca 2+ -independent co- 
fractionation of annexin II with endosomal membranes. Cellular 
membranes (LE, EE, HM) obtained by gradient fractionation of a 
PNS prepared from BHK cells ectopically expressing Al-14 (A) or 
A 1-24 (B) annexin II were subjected to immunoblotting using the 
H28 monoclonal antibody specifically recognizing the mutant 
proteins. Subcellular fractionation was carried out in the presence (+) 
or absence (-) of 1 mM EDTA. Note that the deletion of amino acids 
1-24 but not that of residues 1-14 renders the molecule incapable of 
co- fractionating with endosomal membranes in the presence of 
EDTA. A control immunoblot with the EEA 1 antibody of the 
fractions obtained from Al-24 annexin 1 1 -transfected cells is shown 
in the bottom part of B and reveals that the gradient fractionation of 
early endosomes is not affected in these cells. 
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the cytosolic fraction of annexin II (see Materials and Methods) 
before subjecting them to double immunofluorescence using 
antibodies specifically recognizing the ectopically expressed 
hTfR and annexin II derivatives, respectively. Fig. 5 reveals 
that WT annexin II and the PMCM mutant protein co-localize 
to a large extent with hTfR positive structures thus showing the 
early endosomal localization already established for endogen- 
ous annexin II at the light and electron microscope level 
(Emans et al., 1993; Harder and Gerke, 1993). In line with our 
biochemical analyses this annexin II distribution is observed 
after incubating the permeabilized cells prior to fixation in ICT 



buffer containing the Ca 2 + chelating EGTA (Fig. 5). In contrast, 
the A 1-24 mutant protein fails to show any endosomal or other 
intracellular membrane association under such conditions (Fig. 
5). However, when Ca 2+ is not chelated during the incubation 
of the permeabilized cells in ICT buffer the Al-24 derivative 
remains associated with intracellular structures which to a large 
extent are hTfR positive (Fig. 5). These data are in line with 
the subcellular fractionation (Fig. 4) and thus support the con- 
clusion that the unique N-terminal domain of annexin II is 
required for its Ca 2+ -independent association with endosomal 
membranes. When this domain is truncated the resulting Al- 
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Fig. 5. Localization of ectopically 
expressed annexin D derivatives and 
human transferrin receptor in SLO- 
permeabiuzed BHK cells. BHK cells 
were co-transfected with expression 
constructs encoding the human 
transferrin receptor (hTfR) and one of 
the annexin II derivatives (WT, PMCM, 
or Al-24 annexin n, respectively). At 40 
hours following transfection efficient 
hTfR uptake was induced by 
exogenously supplemented transferrin. 
Subsequently the cells were 
permeabilized with SLO and depleted of 
cytosol by incubation in an intracellular 
transport buffer (ICT) containing EGTA 
(see Materials and Methods). This 
treatment releases the cytosolic annexin 
II pool which to some extent masks the 
membrane-bound fraction in 
immunofluorescence analyses of directly 
fixed cells (Osborn et al., 1988; Harder 
and Gerke, 1993). In the case of cells 
expressing the Al-24 annexin II the 
cytosol was released either in the 
presence (e,f) or absence (g,h) of 10 mM 
EGTA to analyze the effect of Ca 2+ on 
the intracellular distribution of this 
mutant. The cells were then fixed and 
processed for double 
immunofluorescence using antibodies 
directed against annexin II (a,c,e,g) and 
hTfR (b,d,f,h), which only recognized 
the ectopically expressed and not the 
endogenous proteins. Note that WT and 
PMCM annexin II co-localize to a large 
extent with hTfR positive endosomal 
structures in a manner not affected by 
the EGTA which is included in the ICT 
buffer (arrowheads in a,b and c,d, 
respectively). In contrast, Al-24 annexin 
II fails to show any membrane 
association under such conditions (e and 
f). A co-localization of Al -24 annexin II 
with hTfR positive endosomes is, 
however, observed when EGTA is 
omitted during cytosol depletion, i.e. in 
the presence of Ca 2+ (g and h). 
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Fig. 6. Model depicting different 
modes of an annexin II- 
membrane interaction. The 
Ca 2+ -independent association 
with a target membrane 
described here is mediated 
through the sequence spanning 
residues 15 to 24 which could 
A 1-24 anx II bind to a receptor specific for 
this membrane. This interaction 
would leave the very N-terminal 
14 residues of annexin II 
accessible for pi 1 binding. 
Removal of the entire N- 
terminal region encompassing 
residues 1 to 24 generates a 
mutant derivative (A 1-24 
annexin II) whose membrane 
association strictly depends on 
the presence of Ca 2 +. 



24 mutant protein requires Ca 2+ for an interaction with 
endosomal membranes. Interestingly and as also seen in the 
gradient analysis the Ca 2+ -dependent membrane association of 
the A 1-24 mutant protein remains to be specific for early and 
to a lesser extent late endosomal membranes, most likely 
because the phospholipid composition of these membranes is 
best suited for interacting with the annexin II core. 

DISCUSSION 

Members of the annexin family of Ca 2+ -regulated membrane 
binding proteins are present on most and possibly all intracellu- 
lar membranes including the plasma membrane (Gruenberg and 
Emans, 1993). Specificity with respect to the target membrane 
of the individual annexins is thought to be conferred through the 
N-terminal domains which vary between the different members 
of the family. The Ca 2+ sensitivity for a reversible and periph- 
eral membrane binding, on the other hand, is most likely carried 
through the protein core comprising four or eight annexin 
repeats. These repeats harbour the type II and type III Ca 2+ 
binding sites (for reviews see Huber et al., 1992; Swairjo and 
Seaton, 1994) and isolated core domains bind Ca 2+ -dependently 
to phospholipid vesicles and chromaffin granules (Glenney, 
1986; Johnsson et al., 1986; Drust and Creutz, 1988). Most 
likely, the EDTA-sensitive, i.e. Ca 2+ regulated, co-fraction of Al- 
24 annexin II with endosomes (Figs 4, 5) is the consequence of 
such a Ca 2+ -dependent interaction of the annexin II core domain 
with endosomal membranes. In this case specificity is probably 
carried through a certain phospholipid composition of the 
endosomal membranes which is better suited for binding the 
annexin II core than that of other cellular membranes. 

A different mechanism must be responsible for mediating the 
Ca 2+ -independent association of annexin II with early endosomes 
described here. The association depends on the presence of the 
unique N-terminal domain of the annexin II molecule with the 
sequence encompassing amino acids 15-24 being of critical 
importance. In contrast, pi 1 binding and the resulting annexin II- 



pl 1 complex formation are not required. This type of Ca 2+ -inde- 
pendent binding to certain cellular membranes has not been 
observed for an annexin before. It could be mediated through a 
specific receptor for annexin II on early endosomal membranes. 
This putative receptor would bind to the N-terminal annexin II 
domain, most likely to the sequence spanning residues 15 to 24, 
in a manner not regulated by Ca 2+ (Fig. 6). Such an interaction 
could be accompanied in the presence of Ca 2+ by a binding of 
the annexin II core to endosomal membrane phospholipids. 
Moreover, it would leave the very N-terminal region (residues 1 
to 14) accessible for pi I binding thus enabling the annexin II- 
pll complex formation to occur on endosomal membranes. 
Alternatively, the second part of the N-terminal domain, i.e. 
amino acids 15-24, could be involved in establishing or stabiliz- 
ing a conformation of the core domain which allows for a Ca 2+ - 
independent interaction of this core domain with endosomal 
membranes. Future experiments, e.g. the identification of the 
putative annexin II receptor (protein or a certain lipid structure) 
on endosomes, have to resolve this question. 

Within cells annexin II is not restricted to endosomes but is 
also found on the plasma membrane and/or in the cortical 
cytoskeleton colocalizing with molecules of the spectrin family 
(for review see Gerke, 1992). Interestingly, Ca 2+ as well as pi 1 
binding are required for establishing the tight association with 
the cortical cytoskeleton (Thiel et al., 1992; Jost et al., 1994) 
indicating that different structural requirements underlie the 
association of annexin II with endosomes and the cortical 
cytoskeleton, respectively. This could reflect the existence of 
functionally distinct annexin II pools and/or different modes of 
regulation. Cortical annexin II could be involved in stabilizing 
a peripheral localization of endosomes, possibly by providing a 
physical link between the endosomal membrane and the cortical 
cytoskeleton (Harder and Gerke, 1993). It may also serve an 
alternative or additional role in structuring or organizing 
endosomal membranes (or domains of the plasma membrane). 

At least in certain cell types, e.g. adrenal chromaffin cells, 
annexin II has also been implicated in exocytotic processes, in 
particular in Ca 2+ regulated secretion (Ali et al., 1989; Sarafian 
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et al., 1991). While the exact mechanism by which annexin II 
acts in exocytotic membrane transport is not known it has been 
suggested that a heterotetrameric annexin II-pll complex 
could provide physical linkage between different chromaffin 
granule membranes and/or between the granule and the plasma 
membrane (Nakata et al., 1990; for review see Creutz, 1992). 
Conceptually, annexin II could therefore be involved in 
different membrane transport steps by serving a structural role 
in organizing membranes and/or membrane-cytoskeleton inter- 
actions. Specificity could then be guaranteed by certain phos- 
pholipid compositions allowing for a Ca 2+ -dependent binding 
through the annexin II core domain or specific receptors (e.g. 
on endosomes) interacting Ca 2+ -independently with a region in 
the N-terminal domain. 

We thank Thomas Harder, Rob Parton and Jean Gruenberg for 
fruitful discussions and for communicating results prior to publication. 
Thanks also to Ban-Hock Toh for kindly providing antibodies against 
the EEA1 protein. This work was supported in part by grants from the 
Deutsche Forschungsgemeinschaft (Ge 514/2-2 and Ge 514/2-3) and 
the Human Frontier Science Program Organization (HFSPO) to V.G. 
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Annexin All is one of the 12 vertebrate subfamilies in the 
annexin superfamily of calcium/phospholipid-binding proteins, 
distinguishable by long, non-homologous N-termini rich in 
proline, glycine and tyrosine residues. As there is negligible struc- 
tural information concerning this annexin subfamily apart from 
primary sequence data, we have cloned, expressed and purified 
recombinant mouse annexin All to investigate its structural 
and functional properties. CD spectroscopy reveals two main 
secondary-structure contributions, a-helix and random coil 
(approx. 30% each), corresponding mainly to the annexin C- 
terminal tetrad and the N-terminus respectively. On calcium 
binding, an increase in a-helix and a decrease in random coil 
are detected. Fluorescence spectroscopy reveals that its only 
tryptophan residue, located at the N-terminus, is completely 
exposed to the solvent; calcium binding promotes a change in 
tertiary structure, which does not affect this tryptophan residue 
but involves the movement of approximately four tyrosine 
residues to a more hydrophobic environment. These calcium- 



induced structural changes produce a significant thermal 
stabilization, with an increase of approx. 14 °C in the melting 
temperature. Annexin All binds to acidic phospholipids and to 
phosphatidylethanolamine in the presence of calcium; weaker 
calcium-independent binding to phosphatidylserine, phosphatide 
acid and phosphatidylethanolamine was also observed. The 
calcium-dependent binding to phosphatidylserine is accompanied 
by an increase in a-helix and a decrease in random-coil contents, 
with translocation of the tryptophan residue towards a more 
hydrophobic environment. This protein induces vesicle aggre- 
gation but requires non-physiological calcium concentrations 
in vitro. A three-dimensional model, consistent with these data, 
was generated to conceptualize annexin All structure-function 
relationships. 



Key words: calcium binding, CD spectroscopy, fluorescence 
spectroscopy, phospholipid binding, thermal stability. 



INTRODUCTION 

The annexin gene family comprises calcium-binding proteins 
with a unique ancestry, a tetrad structure of homologous internal 
repeats, and the common property of reversible binding to 
acidic phospholipid-rich membranes in the presence of this 
cation (see [1-3] for reviews), although some protein members 
lack the requisite consensus for high-affinity type II calcium- 
binding sites [4]. The annexin core structure is composed of 
four (eight in annexin A6) homologous domains of approx. 68 
amino acids, universally conserved throughout annexin evolution 
[5,6]. In contrast, the N-terminal region shows greater variability 
in length and amino acid sequence [1,3]. Since the solution of 
the annexin A5 crystal structure [7], several other annexins have 
been crystallized; all of them display a protein core resembling a 
slightly curved disc in which the four repeated domains arrange 
around a central hydrophilic pore. Each domain comprises a 
folded leaf a-helix bundle (helices A, B, D and E) organized 
as anti-parallel cylinders capped by a fifth a-helix (helix C). The 
interaction with membranes takes place on the convex side of 
the molecule where the principal calcium-binding sites are 
located. Calcium binding is established with carbonyl oxygen 
atoms in the loop connecting helices A and B, and with a bidentate 
carbonyl group from glutamic or aspartic residues located in the 
loop connecting helices D and E, approx. 38 residues downstream 



in each repeat. The N-terminal region connects domains I and 
IV in annexins with a short N-terminus, such as annexin A5, 
and is located in the concave region of the molecule, opposite 
to the calcium- binding sites [7]. Rosengarth et al. [8] have solved 
the X-ray structure of full-length annexin Al in the absence of 
calcium, showing that the N-terminus interacts with domain III 
through an amphipathic a-helix present in the N-terminal domain 
replacing helix 3D. 

The structural characteristics of annexins, especially Al, 
A2 and A5, have been extensively analysed [7-12]. However, 
knowledge is more limited for other members of this family, and 
is unavailable for annexin Al 1 which has an unusual N-terminus. 
The core domain of annexin A 1 1 shows the highest similarity to all 
other human annexins [ 1 3, 1 4] and its evolutionary origin lies near 
the root of this family tree [6,15], beginning with the sequential 
duplication of annexin A 13 to annexins A7 and Al 1 around the 
emergence of chordates [16,17]. All these observations support 
the view of annexin A 1 1 as a structural prototype, founding 
member and key functional model of chordate annexins. 

Several functions have been described for annexins in vitro, 
including anti-coagulatory and anti-inflamatory activities and 
involvement in signal transduction, membrane fusion, endo- 
and exocytosis as well as calcium-channel regulation. However, 
little is known about their physiological role in vivo [1,3]. 
Despite their gross structural similarity, annexins have diverged 
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significantly in terms of their gene regulation, tissue-specific 
expression patterns, subcellular localization of different isoforms 
and features peculiar to individual subfamilies [16,18-20]. 
Moreover, self-association, heterologous annexin interactions and 
the interaction with other proteins have been described to act as 
regulatory mechanisms for the function of some of these proteins 
[1-3]. 

The main structural differences among metazoan annexins 
appear in the non-homologous N-terminal extension, so the 
structural analysis of annexin All could reveal some features 
relevant to its functional specificity. This annexin possesses 
an extensive N-terminal region, rich in proline, glycine and 
tyrosine residues [21,22]. Although several studies have pointed 
out various functional properties of annexin All, including its 
possible role in insulin secretion [23], structural data are limited 
to the primary structure. The N-terminal region of annexin All 
has been proposed to be responsible for its autoantigenicity 
[24], nuclear localization [25] and tyrosine phosphorylation [26]. 
Moreover, the interaction with calcyclin (S100A6) is established 
through amino acids 45-62 [27], analogous to that described for 
annexins Al and A2 with other SI 00 proteins, namely S100A1 1 
and S100A10, or for p53 with S100B [28-30]. Annexin All 
also binds, through the N-terminus, to the penta-EF-hand family 
proteins ALG-2 (apoptosis-linked gene-2) [31] and sorcin [32]. 

According to all these observations, annexin A 1 1 is probably 
involved in several biological processes and its N-terminal region 
participates prominently in most of them. The aim of the present 
study is to perform a structural characterization of recombinant 
annexin A 1 1 to allow a better understanding of the biological role 
of this protein. We have analysed some of the changes that take 
place on calcium binding as this is a key aspect of its functionality. 
We also studied the binding of annexin A 1 1 to different phospho- 
lipid vesicles, as well as the consequent structural changes, to 
gain insight into the interaction of this protein with biological 
membranes, as this process may differ from other annexins due 
to its distinctive N-terminus. 



EXPERIMENTAL 

Construction of expression vectors 

The mouse annexin cDNA was cloned previously (U65986) 
[14]. The 2.4 kb clone containing the full-length cDNA sequence 
was used as a template to isolate the coding portion of mouse 
annexin Al 1 by PCR. Oligonucleotide primers, 23 bp long, were 
synthesized according to the published sequence for both ends 
of the coding cDNA. The oligonucleotide sequences created 
Ncol and EcoRl restriction sites to facilitate the insertion of 
coding cDNA into either expression plasmid pPROEX-HTb 
(Life Technologies, Prat de Llobregat, Spain) or pTrc99A (AP 
Biotech, Cerdanyola, Spain). The identities of the final constructs 
pHisAl 1M and pTrcAl 1M were verified by restriction digestion 
and DNA sequencing. 



Protein expression and purification 

JA221 Escherichia coli cells were transformed with the annexin 
All expression constructs pTrcAl 1M or pHisAl 1M. Cells were 
grown at 37 °C in Luria-Bertani medium containing 100 fig/m\ 
ampicillin until the cultures reached A«n 0.5. Recombinant protein 
expression was induced by the addition of 1 mM isopropyl £-D- 
thiogalactoside (IPTG) for different incubation times (1-16 h) and 
at temperatures over the range 25-37 °C. The protein expression 
of total cell homogenates was analysed by SDS/PAGE and then by 



Coomassie Blue staining or Western blotting. Optimal conditions 
for the induction of the expression of recombinant annexin All 
in both cases were 4 h in the presence of 1 mM IPTG at 25 °C. 

Spectroscopic characterization was performed using recom- 
binant annexin All produced in bacteria transformed with the 
construction pHisAl 1M under the optimal expression conditions 
described above. Cells were collected after induction with IPTG 
by centrifugation at 6000 g for 15 min and resuspended in 
50 mM Tris (pH 8.0), containing 0.1 M NaCl, 2.5 mM EGTA, 
2 mM PMSF and 1 mM dithiothreitol (DTT), and ruptured by 
sonication cycles at 4 °C. After stirring for 90 min at 4 °C, the 
homogenate was centrifuged at 27000 g for 90 min at 4 °C. 
The supernatant was loaded on to an Ni 2+ -nitrilotriacetate (Ni- 
NTA)-agarose column, washed with buffer A [50 mM Tris 
(pH8.0)/0.1M NaCl/1.5 mM 2-mercaptoethanol] containing 
20 mM imidazole. The recombinant protein was eluted with a 
linear gradient of buffer A containing 20-250 mM imidazole, and 
dialysed against 50 mM Tris (pH 8.0), containing 0. 1 M NaCl 
and 1 mM EGTA. After the addition of 1 mM DTT, the protein 
was digested with 10 units/ml recombinant tobacco etch virus 
(rTEV) protease (Life Technologies) at 4 °C for 20-22 h and 
dialysed against buffer B [50 mM Tris (pH 8.0)/0.1 M NaCl]. 
Digested annexin was separated from the undigested form and 
from the rTEV protease by an additional Ni-NTA-agarose affinity 
chromatography, taking advantage of the presence of a poly(His) 
tag in the latter molecules. Finally, annexin A 1 1 was dialysed 
against buffer B containing 1 mM EGTA, to remove traces of 
Ni 2+ that induce alterations in the UV-visible spectra, and then 
against buffer B without EGTA. 

The identity of both digested and non-digested proteins was 
confirmed by amino acid analysis (Beckman 6300 amino acid 
analyser) as described previously [33], which also allowed the 
determination of protein concentration. The molar absorption 
coefficient at 280 nm was obtained from the UV-visible spectra, 
after subtraction of apparent absorption due to light scattering and 
determination of the protein concentration by amino acid analyses 
from aliquots taken directly from the cuvette. 

CD measurements 

CD spectra were recorded at 20 °C in a Jasco J-715 spectro- 
polarimeter equipped with a Neslab RTE-111 thermostat The 
far-UV CD spectra were monitored between 200 and 250 nm 
using thermostatically controlled cuvettes of 0.1 cm pathlength. 
Melting curves were determined by monitoring the ellipticity 
changes at 208 or 220 nm between 20 and 80 °C at 60 °C/h. All the 
samples were first dialysed against 20 mM Hepes (pH 8.0) and 
0.1 M NaCl to minimize pH changes during heating. To analyse 
the influence of calcium concentration on the far-UV spectrum and 
on the melting temperature (T m \ different protein samples from 
the same stock were prepared with increasing CaCl 2 concen- 
trations up to 75 mM. Samples with equivalent maximal ionic 
strength, obtained by the addition of NaCl instead of CaCl 2 , were 
used as the control. Far-UV spectra and melting temperatures 
were also registered for annexin Al 1 in the presence of 50 nm 
phosphatidylserine (PS) small unilamellar vesicles (molar ratio 
of PS/annexin Al 1 is 800: 1), in the absence (1 mM EGTA) or 
presence of 200 /xM CaCl 2 . 

All spectra were averaged over six scans (ten for annexin All 
in the presence of vesicles) and were corrected by subtracting 
buffer contribution (with or without PS vesicles) from parallel 
spectra in the absence of protein; units are always expressed 
as molar ellipticity/residue ([0]mrw). Prediction of the secondary 
structure from the far-UV spectra was performed using the convex 
constraint algorithm (CCA) as described by Perczel et al. [34]. 
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Fluorescence spectroscopy 

Fluorescence emission spectra were recorded at 20 °C on an SLM 
Aminco 8000C spectrofluorimeter with excitation wavelengths 
of 275 nm (global emission) and 295 nm (tryptophan emission), 
and 4 nm excitation and emission bandwidths. The spectra 
were monitored between 295 and 400 nm for global emission 
or 305 and 400 nm for tryptophan emission, using a 0.4 cm 
excitation pathlength and 1.0 cm emission pathlength cuvette. 
Scattering was minimized by crossed Glan-Thompson polarizers. 
Titration of calcium influence at both excitation wavelengths was 
performed by sequential addition of CaCl 2 in the absence or 
presence of 50 nm PS vesicles (molar ratio of PS/annexin Al 1 
is 800: 1) and correcting the spectra for dilution. Acrylamide 
quenching of tryptophan fluorescence was measured using 
emission spectra exciting at 295 nm at increasing acrylamide 
concentration, taking into account the effects of dilution as 
described previously [9]. Care was taken to avoid the inner filter 
effect and the solutions presented always UV absorption at the 
excitation wavelength below 0.04. The Stern- Volmer quenching 
constant (tf sv ) was calculated from the plot of F 0 /F at 340 nm 
against acrylamide concentration, according to the equation 
Fq/F= 1 + A'svtQ], where F Q is the fluorescence intensity at zero 
quencher concentration and F the intensity at a given quencher 
concentration ([Q]). 



Tyrosine titration 

Titration was performed by the addition of aliquots of 1 M NaOH 
to the protein sample in the absence or presence of 50 mM CaCl 2 , 
using a 1 cm pathlength cuvette. After each addition, the pH 
was measured in the cuvette with a microelectrode and the UV- 
visible absorption spectrum was recorded. Absorption at 295 nm 
due to tyrosinate was determined after subtraction of the apparent 
absorption due to light scattering and taking into account the 
dilution of the sample. The number of tyrosine residues titrated at 
each pH was calculated from the molar ratio [tyrosinate]/[annexin 
A 1 1], and the plot of this value against pH renders the titration 
curve. 



Binding to phospholipids and vesicle aggregation assays 

Unilamellar vesicles of PS (Avanti Polar Lipids), phos- 
phatidylcholine (PC), phosphatidylglycerol (PG), phosphatidic 
acid (PA) and phosphatidylethanolamine (PE) (all purchased 
from Sigma) were obtained by hydration of a thin film of dried 
phospholipids in 50 mM Tris (pH 8.0) containing 0. 1 M NaCl, 
followed by sonication and extrusion through polycarbonate 
filters of either 100 or 400 nm (Lipex Biomembranes). PE 
vesicles were stabilized by the addition of PC (PE/PC in the 
ratio 4 : 1 ) to avoid artifacts due to the formation of hexagonal- 
phase structures in pure PE liposomes. Small unilamellar vesicles 
(50 nm) were prepared from freshly obtained 400 nm 
vesicles by further extrusion through 50 nm polycarbonate 
filters. 

Purified annexin All and 400 nm vesicles were mixed in a 
lipid/protein constant molar ratio of 800 : 1 with variable calcium 
concentrations in 50 mM Tris (pH 8.0) and 0.1 M NaCl and 
kept at room temperature (20 °C) for 15 min. The final mixture 
(300 fi\) was ultracentrifuged at 134000 g at 4 °C for 1 h (Airfuge 
Beckman); the pellet and the supernatant were separated and 
analysed by SDS/PAGE followed by silver nitrate staining or 
Western blotting. Under these experimental conditions, almost no 
sedimentation of free protein was detected in a phospholipid-free 



control. Gels or films were scanned and densitometric analysis 
was performed, obtaining volumograms on a photodocumentation 
system obtained from UVItec (Cambridge, U.K.) and using the 
UVIBand V.97 software. 

Vesicle aggregation was studied using 100 nm vesicles 
(obtained by extrusion through 100 nm polycarbonate filters; 
0.1 mg/ml PS) in the presence of increasing annexin All 
concentrations at 25 °C and triggering the reaction by adding the 
corresponding volume from a concentrated CaCl 2 stock solution. 
Absorption at 360 nm was measured immediately after the 
addition of calcium in a thermostatically controlled cuvette for 
at least 10 min. 



Other procedures 

The isolation of chicken annexin A5 was performed as described 
previously [9,35]. SDS/PAGE was performed by the method 
of Laemmli [36]. Western blotting was performed as described 
previously [37] using either polyclonal anti-bovine annexin All 
antibodies (dilution 1:8000; kindly provided by Dr Hiroyoshi 
Hidaka, D. Western Therapeutics Institute, Nagoya, Japan) and a 
secondary antibody conjugated with horseradish peroxidase (Bio- 
Rad, Madrid, Spain), or using directly a monoclonal peroxidase- 
conjugated anti- poly (His) (Sigma). Polyclonal antibodies against 
recombinant mouse annexin All were raised in rabbit follow- 
ing standard methods. Annexin All concentration in pure 
preparations was determined from the UV-visible spectra, except 
for CD spectroscopy, where quantitative amino acid analysis was 
used. Regression fitting of the experimental data to different 
equations was performed using SigmaPIot software v.8.02 
obtained from SPSS (Chicago, IL, U.S.A.). 



RESULTS 

Purification of recombinant mouse annexin A11 

The expression of recombinant annexin Al 1 cloned in the vector 
pTrc99A is low in all the experimental conditions assayed; the 
protein is extensively degraded even at 25 °C and short induction 
times, and is mainly expressed in an insoluble form. On the other 
hand, the cloning of the protein in the vector pPROEX-HTb, which 
introduces a His tag in the N-terminus, allows a significantly 
greater expression and minimizes degradation. According to the 
Western blots, using antibodies against the wild-type protein or 
against the poly (His) tag (Figure 1A), the degradation of the 
protein takes place from the N-terminus. Moreover, the His tag 
enables easy purification of annexin All expressed in E. coli at 
25°Cfor4h. 

Figures 1(B) and 1(C) show the electrophoretic and Western- 
blot analyses of samples from the main steps of the purifica- 
tion process. Bacteria were collected by centrifugation and 
homogenized in the presence of 2.5 mM EGTA to obviate inter- 
actions of the recombinant annexin with bacterial membrane 
phospholipids and 1 mM DTT to prevent incorrect disulphide 
bond formation. Centrifugation of the cell homogenate allows 
the separation of the soluble and insoluble fractions (Figures IB 
and 1C, lanes j-1). Approx. 50% of the recombinant annexin 
All remains insoluble either in inclusion bodies or associated 
with the membrane fraction. After removing EGTA by dialysis, 
the soluble fraction was purified by affinity chromatography in 
Ni-NTA-agarose. Whereas bacterial proteins do not bind to Ni- 
NTA-agarose (Figures IB and 1C, lane m), annexin All with 
the His tag elutes only in the presence of imidazole (Figures IB 
and 1C, lane n). Removal of imidazole by dialysis in the absence 
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Figure 1 SDS/PAGE analysis of recombinant annexin A11 expression and 
purification 

(A) Expression ol annexin A1 1 was induced in exponentially growing JA221 cells by the addition 
of 1 mM IPTG and incubation at 25 °C for 4 h (lanes a, d and g), 6 h (lanes b, e and h) and 
8 h (lanes c, f and i), and the expression was analysed by SDS/PAGE followed by Coomassie 
Blue staining (lanes a-c) and Western blotting using antibodies raised against either bovine 
annexin A11 (lanes d-f) or the poly(His) tag (lanes g-i)- Purification of recombinant annexin 
A1 1 from bacterial cultures induced for 4 h with 1 mM IPTG at 25 °C was performed, followed 
by SDS/PAGE analysis and Coomassie Blue staining (B) and Western-blot analysis with anti- 
(annexin A11) antibodies (C). (B, C) Lane j, bacterial homogenate after protein expression 
induction; lanes k and I, supernatant and sediment respectively after centrifugation of the 
homogenized material in the presence of 2.5 mM EGTA; lane m, flow-through of the Ni-NTA 
chromatography; lane n, pool of fractions containing annexin A1 1 ; lane o, digestion of poly(His) 
tag containing annexin A1 1 with rTEV protease; lane p, purified digested annexin A1 1 without the 
poly(His) tag; lane q, material retained in the Ni-NTA-agarose chromatography after digestion 
with rTEV protease. 



of bivalent-cation chelating agents induces the autoaggregation 
and precipitation of the protein containing the His tag; a similar 
process takes place if calcium is added to solutions of this protein. 
As this tag is likely to be involved in the autoaggregation of the 
protein, this extension was removed to perform the spectroscopic 
characterization of the protein. Digestion of the protein for 20 h 
at 4 °C in the presence of 10 units/ml rTEV protease yielded over 
70% of digested protein (Figures IB and 1C, laneo). Separation 
of the digested annexin All from the undigested protein and 
from the enzyme was achieved by a further chromatographic step 
in Ni-NTA-agarose; the protease and the undigested annexin Al 1 
are bound to the resin, whereas the digested protein elutes in the 
flow-through (Figures IB and 1C, lanes p and q). 

Identity of the purified proteins was confirmed through amino 
acid analyses and antibodies against the recombinant protein re- 
cognized wild-type annexin Al 1 from cell extracts in the Western 
blot. The molar absorption coefficient (51761 M~' •cm -1 ) was 
determined from the absorption spectrum in the UV-visible 
region after correction for apparent absorption and determination 
of protein concentration by amino acid analysis. 
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Figure 2 Far-UV CD spectra of annexin A1 1 

(A) Representative far-UV CD spectra of annexin A11 without calcium ( ) and in the 

presence of 75 mM CaCI 2 ( ) at 20 and 80 °C are shown in comparison with that of 

chicken annexin A5 at 20 °C in the absence of calcium, and were registered in 50 mM Hepes 
(pH 8.0) and 0.1 M NaCI. (B) Variation in the ratio between molar ellipticities/residue at 222 
and 206.5 nm with calcium concentration. Results are expressed as means + S.D. for at least 
three different spectra (each of them averaged over six scans). 



CD analysis 

The CD spectrum of annexin All in the far-UV region is 
shown in Figure 2(A) in comparison with the spectrum of 
chicken annexin A5 as reference. Annexin A 1 1 in the absence 
of calcium presents a minimum at 206.5 nm with a molar 
ellipticity/residue of - 13440 degrees • cm 2 • dmol" 1 . This spec- 
trum differs significantly from that of annexin A5, which has a 
relatively short N-terminal extension of approx. 15 residues and 
whose spectrum in the absence of calcium presents two minima at 
208 and 222 nm showing much higher negative molar ellipticities. 
The contribution of the different secondary-structure elements, 
calculated according to the CCA method, reveals that whereas 
annexin A5 possesses over 70% of cr-helix, the main contribu- 
tions to annexin Al 1 structure are a-helix (29%), random coil 
(31%)and/S-turns(26%). 

Calcium concentrations required for reproducing the annexin 
conformational rearrangements induced in the absence of 
phospholipids are almost three orders of magnitude higher 
than those required in their presence [1,2,10]. Hence, calcium 
concentrations in the millimolar range were used throughout 
these experiments. Addition of calcium to annexin Al 1 induces 
small but significant changes in the far-UV CD spectrum. 
Figure 2(A) also shows the spectrum of annexin All saturated 
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Figure 3 Influence of calcium binding on the thermal stability of annexin 
A11 

(A) Melting curves of annexin A1 1 in the absence or in the presence of 75 mM CaCI 2 in 20 mM 
Hepes (pH 8.0) and 0.1 M NaCI. The original unsmoothed data are presented as thin lines 
together with the results from noise reduction using the Standard Analysis software obtained 
from Jasco. (B) Dependence of the melting temperature on CaCI 2 concentration (O) was 
analysed by determining T m values at different calcium concentrations. Results represent the 
means + S.O. for at least two independent determinations at each CaCI 2 concentration. O, 
effect of an increase in ionic strength using an NaCI concentration equal to the highest CaCI 2 
concentration. 



with calcium (75 mM CaCl 2 ; molar ratio of calcium/protein 
is approx. 80000:1). These changes are not induced by the 
increase in the ionic strength of the solvent, since no changes 
in the spectrum are observed when NaCI concentration is 
increased up to 325 mM, equivalent to the presence of 75 mM 
CaCl 2 in a buffer containing 100 mM NaCI. Comparison of the 
spectra in the absence and presence of 75 mM CaCl 2 shows 
a shift in the minimum from 206.5 to 208 nm; this shift is 
already observed at 2 mM CaCl 2 and is maintained at higher 
calcium concentrations. Moreover, a gradual increase in the ratio 
between molar ellipticities at 222 and 206.5 nm is observed, 
showing a hyperbolic dependence with the calcium concentration 
(Figure 2B). These changes suggest a slight increase in a-helix 
content induced by calcium binding. In fact, CCA analysis of the 
spectrum at 75 mM calcium yields a 5 % increase in the secondary 
structure (approx. 34%), with a parallel decrease in random coil 
(approx. 24%). 
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Figure 4 Fluorescence emission spectra of annexin A11 after calcium 
binding 

(A) Emission spectra at excitation wavelengths ol 275 and 295 nm in the absence of calcium 

( ) or presence of 75 mM CaCI 2 ( ) were registered at 25 °C at 295-410 nm 

(Aex = 275 nm) or 305-410 nm (A M = 295 nm). Fluorescence is expressed in arbitrary units; 
the scale for fluorescence emission at an excitation wavelength o( 295 nm has been expanded 
(right axis). Variations in the fluorescence intensity in the emission maxima of tryptophan 
(340 nm, A ex = 295 nm) and tyrosine (301 nm, k tx = 275 nm) with calcium concentration 
have been plotted in (B) and (C) respectively. 

Thermal stability 

The stability of annexin All was analysed by monitoring the 
molar ellipticity at 208 nm as a function of temperature. In 
the absence of calcium, the melting curve shows a co-operative 
unfolding of the protein with a T m of approx. 45 °C (Figure 3A). 
The binding of calcium by annexin All induces a highly 
significant increase in the thermal stability of the protein; in the 
presence of 75 mM CaCI 2 , there is an increase of approx. 14 °C 
in the T mi with a slight loss of co-operativity (Figure 3A). The 
variation in the T m with calcium concentration can be adjusted 
to a rectangular hyperbola, showing a midpoint effect at 6.3 mM 
(Figure 3B). Thermal stabilization induced by calcium is specific 
and is not due to alterations in the polarity of the solvent, as an 
increase in ionic strength with NaCI up to 325 mM induces only 
a slight increase in the T m of approx. 2.8 °C. 

Fluorescence emission analysis 

Figure 4(A) shows the fluorescence emission spectra of annexin 
A 1 1 at excitation wavelengths of 275 and 295 nm in the absence 
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Figure 5 Acrylamide quenching of tryptophan emission 

Fluorescence emission {x tx = 295 nm) at 20 °C of the unique tryptophan residue in annexin 
A11 was quenched by sequential addition of a concentrated acrylamide stock solution up to 
100 mM. A representative experiment is shown in (A). Fluorescence intensities at 340 nm were 
plotted against acrylamide concentration and fitted to the Stern-Volmer equation (B). Results 
are expressed as means + S.D. for three independent experiments. 

of calcium or in the presence of 75 mM CaCl 2 . The maximum 
in the fluorescence emission spectrum of the unique tryptophan 
residue of annexin Al 1 (Trp 23 ) appears at 340 nm and its position 
was not altered when calcium was added to the solvent, and 
no significant changes were observed in the quantum yield of 
this residue up to 75 mM CaCl 2 (Figure 4B). A maximum in 
the fluorescence emission spectrum at 301 nm is obtained using 
an excitation wavelength of 275 nm. This maximum is almost 
exclusively due to tyrosine residues and its position is not altered 
in the presence of calcium. However, as shown in Figure 4(C), 
a hyperbolic decrease of approx. 15% in the quantum yield of 
these residues is observed in a calcium concentration-dependent 
manner, showing a midpoint at 3.4 mM CaCl 2 , and this effect is 
almost saturated at concentrations higher than 20 mM. 

Acrylamide quenching of tryptophan emission 

To analyse the degree of exposure to the solvent of Trp 23 , we have 
studied the effect of acrylamide on the fluorescence emission 
spectrum obtained at an excitation wavelength of 295 nm. 
Figure 5(A) shows the emission spectra of the tryptophan residue 
at increasing acrylamide concentrations up to 100 mM, which 




Figure 6 Tyrosine titration of annexin A11 

Annexin A11 tyrosine titration was performed by sequential addition of aliquots of 1 M NaOH 
to a protein sample in 50 mM Tris (pH 8.0) and 0.1 M NaCI and by registration of UV-visible 
absorption spectra. The number of titrated tyrosine residues was calculated from the variation 
in absorbance at 295 nm [due to tyrosinate (Tyr-O")] relative to protein concentration, either in 
the absence of calcium (•) or with 50 mM CaCI 2 (O). 



does not induce artifacts due to the internal filter effect. A 
gradual decrease in the emission intensity is induced by the 
quencher without modification in the position of the maximum. 
Consequently, the tryptophan residue is accessible to acrylamide 
and must be at least partially exposed. The Stern-Volmer analysis 
of the variation in the emission intensity at 340 nm as a function of 
acrylamide concentration is shown in Figure 5(B); the quenching 
constant calculated from this plot is 12.7 M" 1 . 

Tyrosine titration 

Tyrosine titration was achieved by registration of the UV-visible 
spectra of the recombinant annexin All, in the absence or 
presence of 50 mM CaCl 2 , at increasing pH by the addition of 
NaOH. At this calcium concentration, binding in the absence 
of phospholipids should be saturated. Appearance of tyrosinate 
(Tyr-O - ) residues was followed at 295 nm. 

Titration in the absence of calcium distinguishes two main 
populations of tyrosine residues: buried tyrosine residues with a 
pK z of approx. 1 2 and tyrosine residues, which are at least partially 
exposed, with a pK t of approx. 10.5; an additional subpopulation 
of partially exposed tyrosine residues can also be suggested with 
a pK 3 of 11.6 (Figure 6). Under these conditions, 23 of the 25 
tyrosine residues are at least partially exposed. After the addition 
of 50 mM CaCl 2 , only 19 of the total 25 tyrosine residues of the 
protein remain exposed. It was not possible to titrate the buried 
tyrosine residues because protein aggregates at pH higher than 
1 1.9 in the presence of calcium. 

Phospholipid binding and vesicle aggregation 

We have analysed the interaction of recombinant annexin All 
with phospholipid vesicles (400 nm) by ultracentrifugation and 
electrophoretic analysis of the supernatants and pellets either 
in the absence (1 mM EGTA) or presence of 500 fxM CaCl 2 . 
Figure 7 shows the result of the analysis using liposomes com- 
posed of acidic (PA, PS or PG) and neutral (PC or PE/PC in the 
ratio 4:1) phospholipids. Our results suggest that recombinant 
annexin All is not capable of interacting with PC vesicles in 
the presence or absence of calcium. However, it is capable of 
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Figure 7 Binding of annexin A11 to phospholipid vesicles 

The binding of annexin A11 to 400 nm vesicles with different phospholipid compositions [PC, 
PG, PS, PA or PE/PC in the ratio 4 : 1] was performed by ultracentrifugation in the absence of 
calcium (1 mM EGTA) or in the presence of 500 /iM CaCI 2 and using a lipid/protein molar ratio 
of 800 : 1. The percentage of annexin A11 in the pellets (white bars) and in the supernatants 
(black bars) was analysed by SDS/PAGE followed by Western-blot analysis using anti-(annexin 
A1 1) antibodies and densitometry of the films. 



interacting with the neutral phospholipid PE, and with PA, PS 
and PG, in the presence of 500 /xM CaCl 2 . Furthermore, we 
have found that annexin All interacts in a calcium-independent 
manner, although to a lower extent, with PE (approx. 22%) and 
that there is a certain degree of calcium-independent interaction 
with PA (approx. 17 %) and PS (approx. 15 %). 

A more detailed analysis of the calcium dependence in the 
interaction of annexin All with PS vesicles is shown in 
Figure 8(A). Approx. 15 % of annexin All binds to the vesicles 
in the absence of calcium, and the bound protein percentage 
follows a hyperbolic dependence on calcium concentration. 
At ISfjiM CaCI 2 , 50% of the total binding to PS vesicles 
was achieved. Additionally, annexin All induces aggregation 
of PA vesicles at 500 CaCl 2 , but does not induce PS 
vesicle aggregation at calcium concentrations lower than 1 mM, 
even at high protein concentrations. Figure 8(B) shows that no 
aggregation is found at 500 /xM CaCl 2 using a relatively high 
annexin All concentration (HOnM). At 1 mM CaCI 2 , slow 
vesicle aggregation is observed in the absence of annexin, but 
addition of the protein speeds up this process in a concentration- 
dependent manner, from 5.5 to 1 10 nM (Figure 8B). 



Spectroscopic analysis of annexin A11 in the presence 
of phospholipid vesicles 

We have analysed the possible conformational changes in annexin 
Al 1 after its binding to PS vesicles using CD spectroscopy in the 
far-UV region (Figure 9A). The addition of PS vesicles (50 nm) 
in the presence of 1 mM EGTA induces a slight modification of 
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Figure 8 Calcium-dependent aggregation and binding of annexin A11 to 
PS vesicles 

(A) Annexin A11 was mixed with PS vesicles (400 nm) at a lipid/protein molar ratio of 800 : 1 
in the presence of increasing calcium concentrations. Quantification of the percentage of bound 
protein was done by ultracentrifugation and SDS/PAGE analysis of the pellets and supernatants, 
followed either by silver nitrate staining or by immunodetection of annexin A1 1 . The inset shows 
a representative experiment analysed by Western blot. (B) Annexin A11 -induced aggregation 
of PS vesicles (100 nm; 0.1 mg/ml) was followed by monitoring the changes in absorbance 
at 360 nm at 25 °C after the addition of 1 mM CaCI 2 . The different protein concentrations 
are indicated (5.5-1 10 nM). The self-aggregation of PS vesicles in the presence of 1 mM CaCI 2 
(control) is also shown. No vesicle aggregation was observed in the presence of 500 
CaCI 2 even at 1 10 nM protein concentration indicated by an asterisk. 



the spectrum, which mainly affects the region between 200 and 
210 nm probably due to light-scattering effects. When 200 /zM 
CaCl 2 is added to the mixture, a concentration high enough to 
induce an almost total binding of annexin All to PS vesicles, a 
more significant change is observed in the spectrum with a less 
negative minimum at 208 nm and an increase in the negative 
ellipticity at 222 nm. These changes are consistent with an 
increase in the a-helical content (approx. 9% according to CCA 
analysis) and a parallel decrease in the random-coil structure. The 
CD spectrum of annexin All with PC vesicles does not change 
after the addition of calcium and is almost identical with that 
obtained with PS in the absence of calcium (results not shown). 

The influence of phospholipid vesicles, in the absence or 
presence of calcium, on the thermal stability of annexin Al 1 has 
been analysed by monitoring the changes in molar ellipticity at 
220 nm to avoid light-scattering artifacts (Figure 9B). In the 
absence of vesicles, the T m of annexin Al 1 is 45 °C as described 
above at 208 nm (Figures 3A and 9B). The addition of PS in 
the absence of calcium does not change this value but involves a 
loss of co-operativity and a modification in the final state at 80 °C. 
On the other hand, addition of calcium to a final concentration 



© 2003 Biochemical Society 



444 E. Lecona and others 



Wavelength (nm) 

210 220 230 240 
— i 1 1 1 

A 




J I 1 L 



30 40 50 60 70 
Temperature (°C) 

Figure 9 CD analysis of the interaction of PS vesicles with annexin A1 1 

(A) Representative far-UV CD spectra of annexin A11 (0.12 mg/ml) in the absence ( ) or 

presence of PS vesicles (molar ratio of lipid/protein is 800: 1) either without (1 mM EGTA; 

) or with 200 fiU CaCI 2 ( ) at 20 and 80 °C. Spectra of annexin A11 with PC 

vesicles either in the absence or presence of calcium are not shown, as they are almost identical 
with those with PS vesicles in the presence of 1 mM EGTA. (B) Annexin A11 melting curves in 
the absence (1 mM EGTA; •) or presence of PS vesicles without (A) or with 200 /*M CaCI 2 
(A) as well as in the presence of PC vesicles and 200 ^M CaCt 2 (□). Molar ellipticity/residue 
was registered at 220 nm; noise reduction was performed using the Standard Analysis software. 
Melting temperatures determined from the maximum of the first derivative of each curve are also 
shown. 



of 200 fxM increases the T m up to 64 °C; this process is less co- 
operative and the final denatured state is different. When this 
analysis is performed under the same experimental conditions but 
using PC vesicles in the presence of 200 /xM CaCl 2 , only a slight 
increase in the T m (approx. 3 °C) is observed. 
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Figure 10 Analysis of the tryptophan fluorescence emission spectra after 
the binding of annexin A11 to PS vesicles 

(A) Emission spectra at the excitation wavelength of 295 nm in the absence ( ) or 

presence of PS vesicles without (1 mM EGTA) { ) and with 200 ^M CaCI 2 ( ); 

shows the spectra alter the addition of EGTA (1 mM final concentration) to the 

sample with 200 ^M CaCI 2 . All spectra were recorded at 20 °C from 305 to 400 nm. 

(B) Effect of increasing calcium concentration on annexin A1 1 tryptophan fluorescence intensity 
at 332 nm in the presence of PS vesicles (•). The fluorescence intensities at 332 nm in the 
absence of PS vesicles and calcium (V) and after the addition of PS vesicles (white arrow) and 
200 j*M CaCI 2 , followed by addition of EGTA at 1 mM final concentration (black arrow, O) are 
shown. 



When annexin All is thermally denatured in the absence of 
phospholipid vesicles, macroscopic aggregation of the protein is 
observed. However, this process is prevented in the presence of 
vesicles with or without calcium. Thus the spectra of the denatured 
protein significantly differ and some secondary structure remains 
mainly in the presence of calcium and PS, as shown in 
Figure 9(A). 

Fluorescence emission spectra of annexin Al 1 at an excitation 
wavelength of 295 nm are shown in Figure 10(A) in the absence 
or presence of PS vesicles and without (1 mM EGTA) or with 
200 /xM CaCI 2 . Addition of vesicles to annexin All induces a 
shift in the position of the emission maximum from approx. 340 
to 332 nm. Addition of calcium does not modify this wavelength 
but increases the tryptophan quantum yield. The variation 
in fluorescence intensity at 332 nm with calcium concentration 
shows a midpoint effect at 25 CaCl 2 (Figure 10B). In 
Figure 10(B), the inverted triangle indicates the emission intensity 
in the absence of phospholipids (lower due to the maximum 
position shift), and the diamond indicates the decrease in intensity 
achieved by the addition of EGTA (1 mM final concentration) to 
the sample with PS vesicles and 200 ^iM CaCI 2 . The changes 
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in the fluorescence emission spectrum are not fully reversible 
after removal of calcium, as the tryptophan maximum remains 
at 332 nm and only a slight decrease in the quantum yield is 
observed. 

Structural model 

The sequence and deduced secondary structure of annexin Al 1 
were expanded into a multiple-sequence alignment to facilitate 
comparative and evolutionary studies, and a virtual three- 
dimensional model was created by sequence-threading through 
the crystallography coordinates of known annexin structures. 
Annexin All homologues, identified in 20 vertebrate species, 
are represented by the mammal, bird, amphibian and fish 
proteins aligned in Figure 1 1(A). The greater sequence variability, 
alignment gaps and unique amino acid composition of the N- 
termini are evident, with an increased percentage of proline 
(28%), glycine (20%) and tyrosine (9%) and a tryptophan 
residue (Trp 23 ), which contrast with conserved type II calcium- 
binding sites and congruent structures of the tetrad core, in spite 
of the evolutionary distances between these species. Secondary- 
structure predictions (http://www.expasy.org) determined that 
the N-terminus would be expected to adopt a random-coil 
conformation except for one short a-helical segment (*h' strings 
in Figure 11 A), whereas each tetrad core repeat contains the 
five ar-helices common to other annexins. The observation 
that the 12 paralogous human annexins exhibit only 45-55% 
amino acid identity suggested that subfamily differences might 
be accounted for by variable sites non-critical for function as 
well as by synaptomorphic sites under functional constraint 
acting as determinants of subfamily specificity. Although annexin 
All was an ancestral progenitor of other paralogous annexins 
and thus shares many features in common [16], we sought to 
identify sites uniquely conserved among annexin Al 1 members. 
The DIVERGE vl.04 program from Gu [38] (available at 
http://www.phyba.iastate.edu/) computed 'evolutionary impact' 
values for each residue in a global sequence alignment and 
identified Cys 224 and Cys 409 as structurally relevant differences 
from other annexins with high divergence impact that implied 
functional specificity for annexin All. Together with four other 
cysteine residues common to other annexins, these may contribute 
additional structural stability and redox susceptibility to annexin 
A 1 1 members. 

A three-dimensional model of annexin All was generated 
using the Deep View/Swiss-Pdb Viewer v3.7 computer program 
[39] and the Swiss-Model server (http://www.expasy.org/). These 
utilized public X-ray crystallography data [40] for full-length pig 
annexin Al and human and rat annexin A5 (Protein Data Bank 
entries 1MCX, 1ANX and 1A8A) in the 'high-calcium' form 
to thread the mouse annexin A 1 1 amino acid sequence into a 
three-dimensional model for the homologous tetrad core region 
(Figure 1 IB). This representation serves to illustrate the spatial 
proximity between residues and domains that might otherwise 
appear distant in sequence alignment format. Thus the residues 
involved in the type II calcium binding to phospholipids 
(mkGxGT-38aa-D/E) appear co-ordinated on the external convex 
surface of the molecule near Cys 409 , whereas the N-terminus 
(where Trp 23 is located) is orientated towards the opposite, 
concave (cytosolic) side of the molecule. DeepView program 
identified four tyrosine residues classified as not exposed to 
the solvent and within potentially buried a-helical coils: Tyr 312 
and Tyr 471 (< 1 % exposure); Tyr 491 (<2%); and Tyr 396 (<4%) 
(Figure 1 1A). Thus it is highly probable that these residues are 
among those showing a higher pK z value in the tyrosine titration in 
the presence of calcium. The other five core tyrosine residues were 



predicted to be exposed (24-28 % exposure). When the three- 
dimensional model of annexin All was obtained by comparison 
with the only known annexin X-ray structure in the absence 
of calcium (full-length pig annexin Al; PDB entry 1HM6), 
only Tyr 312 and Tyr 471 were predicted to be completely buried 
(< 1 % exposure); Tyr 491 and Tyr 396 present approx. 10 and 15 % 
exposure respectively. The interchangeability of Tyr and Phe at 
certain positions between fish and higher vertebrates suggests 
the functional importance of bulky and/or hydrophobic residues 
at these positions relative to the interloop calcium-binding 
ligands. This model is consistent with our experimental findings 
and testifies to the structural relevance of uncharged cysteine and 
tyrosine residues to annexin function. 



DISCUSSION 

The eukaryotic annexin superfamily has been widely studied 
since the identification of its first members 25 years ago. The 
resolution of the crystal structure of some of these proteins with a 
short or truncated N-terminal extension [7,41-43] has provided 
a detailed structural knowledge of the core domain and the effects 
of calcium binding on this structure. However, the structural 
diversity of N-termini and the disparate functions assigned to these 
proteins emphasize the significant contribution of this distinctive 
extension to the functional divergence of animal annexins. The N- 
terminus is therefore considered to be a specific regulatory domain 
of annexins [1-3], although its structure and relationship with the 
core domain still remain poorly understood. Whereas the 314- 
amino-acid tetrad core region of annexin A 1 1 is highly conserved, 
its extensive N-terminal region varies in length among vertebrate 
members (171-221 residues) and presents a high content of 
proline, glycine and tyrosine residues [21,22]. These unusual 
features aroused our interest in performing a structural study of 
annexin All. 

Annexin All has been isolated previously from bovine and 
rabbit lung [22,44] or as a fusion protein with glutathione 
S-transferase or with the mannose-binding protein [27,31]. 
However, to perform a spectroscopic characterization, the protein 
should be similar to the wild-type form and relatively large 
amounts of purified protein were required. We achieved a high 
yield in the expression of soluble annexin All in E. coli by the 
addition of a His tag, even though approx. 50 % of the protein 
remains insoluble in the cell homogenate. This insertion also 
minimizes the extent of degradation and simplifies the purification 
process via affinity chromatography, which further removes N- 
terminally degraded forms. The requirement for chelating agents 
to prevent precipitation when imidazole is removed after the 
chromatography points out that the His tag is capable of inducing 
autoaggregation of annexin All, acting as a bridge between 
different molecules in the presence of cations such as Ni 2+ or 
Ca 2+ . Although the addition of calcium induces aggregation of the 
protein containing the His tag, this does not occur when the tag is 
removed. The use of reducing agents throughout the purification 
procedure prevents the oxidation of the redox-sensitive free 
cysteine residues that seem to be important for annexin All 
function, as mentioned above. Recombinant annexin All was 
obtained with only small modifications from the wild-type, a 
change in position 2 from Ser to Gly and the addition of Gly-Ala 
at the N-terminus, which are not likely to have any effect on the 
structure or functional properties of annexin All. 

The main secondary-structure element present in the highly 
conserved annexin core is the a-helix [7-10]. Accordingly, the 
CCA analysis of the CD spectrum of annexin A5, which possesses 
a very short N-terminus of 15 amino acid residues and whose 
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Figure 11 Annexin A11 sequence alignment and three-dimensional model 

(A) Amino acid sequence alignment of annexin A11 from species representing mammal (Mmu, mouse, Mus musculus), bird (Gga, chicken, Gallus gallus), amphibian (Str, western clawed frog 
Silurana tropicalis) and fish duplicate genes (Dre, zebrafish, Danio mo). The N-termini (top panels) contain Trp 23 and increased proline, glycine and tyrosine content, whereas the four homologous 
repeats of the tetrad core region below identify conserved cysteine residues (boxed), tyrosine residues (reverse-shaded), type II calcium-binding motifs 'mkGxGT-38aa-D/E' (beneath arrows) and 
residues highly preserved in all annexins (indicated by asterisks). The 'h* clusters in each repeat correspond to the five a-helical loops A, B, C, D and E. (B) A three-dimensional protein model of the 
homologous tetrad core of mouse annexin A1 1 was derived by sequence threading through X-ray crystallography coordinates of pig annexin A1 and human and rat annexin A5 by OeepView/SwissPDB 
v3.7 (39) and SwissModel (available at http://www.expasy.org/). The predominant ^-helical backbone structure portrays the four major calcium co-ordination sites on the upper convex surface 
together with strategically located cysteine and tyrosine residues. The carbonyl groups and acid residues proposed to be involved in calcium co-ordination are shown. The attachment origin 187 for 
the non-homologous N-terminus (not shown in full) extends from the lower concave side. The Figure was prepared using the MOLMOL program [54]. 

crystal structure is well known, shows over 70% of a-helix a-helix (29%), random coil (31%) and £-turns (26%). The 
[9,10,35]. This is not the case for annexin All, as can be remaining 14% is assigned to extended /3-strands; however, this 
easily observed from the comparison of the spectrum with that percentage must arise from artifacts derived from the application 
of annexin A5. CCA analysis reveals three main contributions: of the CCA, since secondary-structure predictions based on the 
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amino acid sequence indicate a very low theoretical percentage 
of these structures. There are no structural studies concerning 
this annexin, but the structural features of the core domain and 
the relatively high degree of similarity to other annexins of 
known three-dimensional structure suggest that the a-helical 
contribution probably arises from the protein core. From the 
studies performed with the N-terminus, the existence of an a- 
helix involved in S100A6 binding has been suggested [27,45], 
in a way similar to those described for p53 with S100B, and 
annexins Al and A2 with S100A11 and S100A10 respectively 
[28-30]. 

According to the secondary-structure predictions based on the 
amino acid sequence of the N-terminal extension, this region 
would be mainly in random coil except for the theoretical 
amphipathic a-helix. However, the particular amino acid sequence 
of the N-terminus (rich in glycine, proline, tyrosine and 
glutamine) suggests the formation of poly(Pro) 0-turn helices 
that would be responsible for the high /3-turn percentage detected. 
These atypical secondary structures have been detected in the N- 
terminus of annexin A7 [46], whose sequence, although shorter, is 
quite similar to that of annexin All. Accordingly, the N-terminus 
would account for both random-coil and fi-tum contributions 
predicted from the CD spectra. 

In general, the annexin core domain is known to be quite 
stable, with a higher T m for those annexins with a short N- 
terminus [10]. The presence of a long N-terminal extension could 
induce a destabilization of the core domain. In fact, the T m 
for annexin A 1 1 is approx. 6 °C lower than that of human annexin 
A5, which has one of the lowest T m among mammalian 
annexins. The change in the negative molar ellipticity at 208 nm 
with increase in temperature is mainly a reflection of a-helices 
unfolding to unordered structure. As the melting curve shows only 
one co-operative transition, the unfolding of the protein core and 
any hypothetical a-helix from the N-terminus must take place 
simultaneously. 

Calcium binding does not greatly affect the CD spectrum of 
annexin All. For other members of the family, the secondary- 
structure changes described after calcium binding are also small, 
implying mainly three-dimensional modifications of the calcium- 
phospholipid-binding sites with an increase in the percentage of 
a-helix and a rearrangement of the protein core [9,10,47]. The 
analysis of the CD spectra of annexin All reveals a hyperbolic 
increase in the ratio between molar ellipticities at 222 and 
206.5 nm with calcium concentration. On calcium binding, this 
ratio increases towards that of pure a-helix, pointing to a higher 
contribution of this structure with a concomitant decrease in 
random coil. This hypothesis is also supported by the CCA 
analyses of the spectra, which suggest a 5-6% increase in a- 
helix with an equivalent decrease in random coil. Even though 
it has been described that saturation with calcium of annexins 
with short N-termini induces a similar increase in the percentage 
of a-helix [9,10], the total number of residues involved should be 
considered. Thus, whereas only 16-19 residues change in annexin 
A5 core, 25-30 residues may become a-helical in annexin All. 
Owing to the structural similarity among the protein cores in 
different annexins, the increase in the a-helical content in annexin 
All cannot be completely explained by the conformational 
rearrangements of the protein core, and probably involves changes 
in its N-terminus as well. 

In contrast with the relatively small conformational changes 
observed, calcium induces a great thermal stabilization, increasing 
the T m by approx. 14 °C. This increase is larger than that 
observed for other mammalian annexins such as human annexin 
A5 (approx. 10°C) [10]. Moreover, the calcium-bound states of 
annexin A5 and annexin All have a similar thermal stability, 



whereas calcium-free annexin All shows a lower stability. 
Taking into account the degree of homology of the annexin 
core, differences, quite probably in the N-terminal region, 
are responsible for the changes in protein stability. Therefore 
we propose that the long N-terminus in annexin All has a 
destabilizing effect in the calcium-free state; structural changes 
after calcium binding contribute to stabilization of the protein 
and the T m of annexin All approaches that of annexin A5. It 
remains to be explained how this interaction could take place, 
but it is tempting to speculate with a mechanism resembling that 
described for annexin Al [8]. This annexin binds to S100A11 
through an amphipathic a-helix, which, in a calcium-free state, 
inserts into domain III, displacing helix 3D. The full-length crystal 
structure of annexin Al has been obtained recently, showing that 
calcium binding induces the refolding of helix 3D pushing the 
N-terminus outside the annexin core [48], thus enabling the in- 
teraction with S100A11. In addition to the stabilizing effects, 
this mechanism also involves an increase in a-helix due to the 
refolding of helix 3D. 

Tertiary structure analysis through fluorescence studies reveals 
that Trp 23 is completely exposed to the polar solvent either in 
the presence or absence of calcium, as the maximum of emission 
remains at 340 nm under both conditions and there is no decrease 
in intensity due to calcium binding. Acrylamide quenching 
also supports this observation, as the obtained Stern-Volmer 
constant is 12.7 M""\ characteristic of an almost totally exposed 
tryptophan residue. Whereas free tryptophan residues or N- 
acetyl-tryptophan-amide show a K S \ of approx. 16 • M* 1 , exposed 
tryptophan residues in proteins present values between 10 and 
14 M" 1 [49]. On the other hand, tyrosine emission decreases 
with increase in calcium concentration. This decrease is probably 
due to a change in the microenvironment of some tyrosine 
residues to a more hydrophobic one, where interactions that 
stabilize the polar group of this residue result in the quenching 
of emission. To confirm this observation, tyrosine titration 
was performed in the calcium-free and calcium-bound state. 
According to the titration, in the absence of calcium two tyrosine 
residues are buried, whereas the calcium-bound state presents 
six buried tyrosine residues. Therefore the addition of calcium 
induces a conformational change in annexin All that implies 
the translocation of some tyrosine residues from a polar to 
a hydrophobic environment, whereas Trp 23 remains unaltered. 
Taking into account the similarity between the putative amphipatic 
a-helix in the N-terminus of annexin All and that described 
in the N-terminus of annexin Al, one could speculate that 
the N-terminus would be even more exposed to the solvent 
in the presence of calcium. Thus at least some of the tyrosine 
residues internalized in the presence of calcium are probably 
located in the protein core. This hypothesis is strongly supported 
by the surface analysis of the proposed structural model, where the 
highly conserved residues 312, 396, 471 and 491 are predicted 
to be buried in the protein core. Among these residues, Tyr 312 
and Tyr 396 could be the ones buried in the calcium-free state, 
as they are the only ones predicted as buried in the calcium- 
free model. It is not possible to locate the remaining two tyrosine 
residues titrated as internal in the presence of calcium, as the three- 
dimensional models cannot predict the structure and position of 
the N-terminus. 

Functionally, annexin All interacts with acidic phospholipid 
and PE vesicles in a calcium-dependent fashion, whereas 
no binding is observed with PC, as shown previously with 
wild-type annexin All [22]. Partial binding in the absence 
of calcium was observed to PE, PA and PS vesicles as 
described for other annexins [50-52]. Phospholipid specificity 
is generally conserved in calcium-independent binding, and 
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this is likely to be the case for annexin All. There must be 
two contributions to the interaction with phospholipids under 
these conditions: a specific polar recognition and a hydrophobic 
interaction. The N-terminus of annexin All may be able to 
insert into the bilayer and establish hydrophobic contacts with 
the phospholipids, but this would imply a reorientation of the 
N-terminus from the concave/cytosolic side towards the cell 
membrane. 

Binding of annexin All to PS vesicles shows a hyperbolic 
dependence on calcium concentration. The interaction requires 
calcium concentrations in the micromolar range, with 50% 
binding achieved at 28 jzM. Consequently, there is a great increase 
in calcium affinity in the presence of phospholipids as has been 
observed for other annexins [1,2,47]. Calcium requirement for 
PS binding of annexin All is higher than that of annexin A2 
and lower than that for annexin A5 [1]. These differences could 
account for the development of divergent functions throughout 
vertebrate evolution. Annexin A 1 1 induces PS vesicle aggregation 
only at non-physiological calcium concentrations (> 1 mM) at 
which this cation itself acts as a bridge for vesicle aggregation. 
However, annexin All is able to accelerate the aggregation 
process in a protein concentration-dependent manner. These 
results formulate a role for annexin A 1 1 in aggregation processes 
in vivo, where the presence of other proteins such as S 1 0OA6 could 
modify calcium requirements, as described for other annexins. For 
example, calcium requirement of annexin A2 for the induction 
of vesicle aggregation is significantly reduced in the presence of 
S100A10[53]. 

Spectroscopic analyses of the interaction of annexin All 
with PS vesicles give further support to the above observations. 
Addition of PS vesicles in the absence of calcium induces only 
a small change in the CD spectrum, which does not affect the 
thermal stability of the protein, although a loss of co-operativity 
in the melting curve is observed. Taking into account that annexin 
All is capable of interacting weakly with PS in a calcium- 
independent manner, this interaction could be responsible for 
the observed conformational change. However, CD spectroscopy 
shows that annexin A 1 1 suffers a conformational rearrangement 
after vesicle binding in the presence of calcium. Calcium- 
dependent binding to PS vesicles induces an increase in a -helical 
content similar to the addition of calcium in the absence of 
phospholipids, but to a higher extent (approx. 9 % versus 5-6 %). 
The observed change is again too large to be exclusively due to 
changes in the protein core; therefore the N-terminus is likely 
to be involved in this process. 

Calcium-dependent binding to PS vesicles is also accompanied 
by a large increase (approx. 20 °C) in thermal stability, higher 
than that described for calcium binding alone, and the loss of 
co-operativity is also remarkable. All these changes must be 
the consequence of a strong specific interaction, as they are not 
observed when using PC vesicles. In this case, the small increase in 
T m could be due only to binding of calcium to the protein without 
interaction with the vesicles, and thus no loss of co-operativity is 
displayed. 

In addition to these results, fluorescence studies support a role 
of the N-terminus in both calcium-independent and calcium- 
dependent interactions with PS vesicles. The environment of the 
N-terminal Trp 23 was modified when vesicles were added to 
the protein preparation in the absence of calcium, with a 
significant blue-shift in the emission maximum corresponding 
to a change from an almost total exposure to the solvent to a 
more hydrophobic environment. However, taking into account 
that the quantum yield was not modified significantly, this residue 
probably remained partially in contact with the solvent. Once 
again, this observation supports the notion of a weak calcium- 



independent interaction, probably through the N-terminus of 
annexin Al 1 establishing hydrophobic contacts with the bilayer. 

Addition of calcium to the annexin/vesicle mixture is 
characterized by an increase in the tryptophan quantum yield, 
which presents a midpoint effect almost coincident to that 
observed in the ultracentrifugation studies. This increase is 
probably due to the insertion of Trp 23 into the lipid bilayer, which 
would protect this residue from solvent quenching. Furthermore, 
the addition of excess EGTA is not able to reverse the interaction, 
so there must be a hydrophobic component in the binding that 
accounts for this effect. 

This original structural characterization of annexin Al 1 reveals 
that the N-terminus, the longest of all known mammalian 
annexins and containing unusual composition and repeat patterns, 
contributes significantly to the overall annexin structure. The 
analysis of the structural conservation of annexin All using a 
combination of primary- and secondary-structure analyses, three- 
dimensional models and the evolutionary divergence offers a 
novel insight into its key functional determinants. This annexin 
has one of the lowest melting temperatures in vitro (45 °C) and 
calcium binding promotes subtle rearrangements in the secondary 
and tertiary structures of the protein to induce significant 
thermal stabilization. The recombinant protein binds to acidic 
phospholipids in a calcium-dependent manner as described for 
other annexins; it also shows calcium-independent binding, but 
to a lower extent. These results suggest that the binding of 
annexin All to PS vesicles presents both hydrophobic and 
polar contributions due to the N-terminus and the annexin 
core respectively. According to the spectroscopic data, a two- 
step mechanism can be proposed. First, a weak interaction is 
established through surface hydrophobic contacts with some 
degree of polar specificity; secondly, after the addition of calcium, 
a tight binding to the lipid bilayer takes place, enabling in this 
way the partial insertion of the N-terminus, which reinforces 
the interaction. It remains however to be determined whether 
calcyclin, sorcin or ALG-2 interaction with annexin All will 
influence its binding to lipid bilayers. 
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SUMMARY 

Annexins form a family of proteins that are widely 
expressed and known to bind membranes in the presence 
of calcium. Two isoforms of the annexin XIII subfamily are 
expressed in epithelia. We previously reported that annexin 
XHIb is apically localized in MDCK cells and that it is 
involved in raft-mediated delivery of apical proteins. We 
have now analyzed the properties of annexin XHIa, which 
differs from annexin XHIb by a deletion of 41 amino acids 
in the amino-terminal domain, and is distributed both 
apically and basolaterally. Annexin XHIa binding to 
membranes is independent of calcium but requires its 
myristoyl amino-terminal modification, as observed with 
annexin XHIb. Our biochemical and functional data show 



INTRODUCTION 

13 annexins have so far been identified in mammals, but 
members of the family are spread out all over the eukaryotic 
kingdom (Morgan and Fernandez, 1997). Each annexin has a 
distinct N terminus and annexins are homologous in the C- 
terminal core, a domain of 30 kDa that harbors calcium binding 
sites (Liemann and Huber, 1997). In vitro binding experiments 
between purified annexins and liposomes have suggested that 
calcium ions bridge the protein to the negatively charged head 
group of phospholipids. Annexins are described as calcium- 
dependent phospholipid-binding proteins that translocate from 
the cytosol to the membrane in response to an elevation of the 
intracellular calcium concentration. This property of the core 
domain was demonstrated in artificial systems but seems to 
operate in living cells as well (Campos et al., 1990; Ernst, 
1991; Trotter et al., 1994, 1995; Selbert et al., 1995, 1996; 
Barwise and Walker, 1996; Chasserot et al., 1996). 

How annexins perform their functions after membrane 
binding remains unclear (Liemann and Lewit-Bentley, 1995; 
Lecat and Lafont, 1999). Based on the finding that annexins 
can aggregate or even fuse membranes in a calcium-dependent 
manner in vitro, annexins have been proposed to regulate 
membrane fusion events (Ernst et al., 1991; Creutz, 1992; 



that annexin XHIa behaves differently in the apical and in 
the basolateral compartments. Whereas annexin XHIa 
apically can associate with rafts independently of calcium, 
the basolateral pool requires calcium for this. Annexin 
XHIa, like annexin XHIb, stimulates apical transport of 
influenza virus hemagglutinin but, in contrast, only 
annexin XHIa inhibits basolateral transport of vesicular 
stomatitis virus G protein. Our results suggest that annexin 
XHIa and XHIb have specific roles in epithelial cells, and 
because of their structural similarities, these isoforms offer 
interesting tools for unravelling the functions of annexins. 

Key words: Membrane traffic, MDCK cell, Protein sorting, Annexin 



Emans et al., 1993; Bitto and Cho, 1998). Studies in the cellular 
context confirmed that several annexins play a role in 
membrane trafficking but there is little support for their 
proposed function in membrane fusion (Harder and Gerke, 
1993; Burgoyne and Clague, 1994; Donnelly and Moss, 1997; 
Carroll et al., 1998; Kamal et al., 1998; Konig et al., 1998). 
Annexins were also shown to have calcium-channel activities 
upon association with liposomes (Chen et al., 1993; Demange 
et al., 1994; Arispe et al., 1996; Liemann et al., 1996; Hofmann 
et al., 1997). In vitro studies have suggested that annexins I and 
XII can be inserted into the bilayer (Luecke et al., 1995; 
Langen et al., 1998; Rosengarth et al., 1998); however, studies 
in cells have not substantiated a role for annexins to form 
calcium channels. Instead, annexins have been shown to 
regulate the activity of several ion channels (Kaetzel et al., 
1994; Nilius et al., 1996). 

We previously cloned the cDNA encoding canine annexins 
Xllla and XHIb from an epithelial Madin-Darby Canine Kidney 
II cell (MDCKH) cDNA library (Fiedler et al., 1995). Annexin 
XEIb has an insertion of 41 amino acids after the first four 
amino acids of the sequence that are common to both isoforms. 
We demonstrated that annexin XHIb is involved in apical 
exocytosis of polarized MDCKII and is associated with specific 
lipid microdomains (Fiedler et al., 1995; Lafont et al., 1998b). 
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Apical exocytosis, contrary to basolateral exocytosis, is 
dependent on the integrity of these microdomains, called 'rafts' 
(Keller and Simons, 1998). Rafts consist of assemblies of 
sphingolipids and cholesterol (Simons and Ikonen, 1997), 
which form liquid-ordered phases segregated in a dynamic 
fashion from the other lipids (Ahmed et al., 1997; Brown and 
London, 1997; Brown, 1998; Rietveld and Simons, 1998). They 
function by forming platforms for proteins that specifically 
partition into these lipid assemblies (Simons and Ikonen, 1997; 
Brown and London, 1998). Annexin Xffla was identified by 
northern blot analysis as an intestinal-specific annexin and 
shown by immunofluorescence studies on tissues to localize 
mainly at the apical plasma membrane of enterocytes with a 
faint staining on their basolateral plasma membrane (Wice and 
Gordon, 1992). The localization of annexin Xllla could not be 
inferred from these studies, however, because the antibody used 
recognized two proteins: a 36 kDa protein corresponding to 
annexin Xllla and a 40 kDa protein that we later identified as 
annexin Xlllb. In this paper, we have compared the subcellular 
distribution and functional properties of annexin Xllla with 
those of annexin Xmb in MDCKH cells. 

MATERIALS AND METHODS 
R agents 

Detergents were the following: SDS (BioRad Laboratories, Hercules, 
CA, USA), Triton X-100 (Serva, Heidelberg, Germany), NP-40 
(FlukaAG, Buchs, Switzerland). IPTG, methyl-P-cyclodextrin, 
sodium butyrate (NaBu) and proteinase inhibitors were from Sigma 
Chemical Co. (Deisenhofen, Germany). Restriction endonucleases 
were from New England Biolabs (Schwabach/Taunus, Gemany) and 
cloned pfu polymerase from Stratagene (La Jolla, CA, USA). 
pOPRSVl-CAT vector was from Stratagene. 

Cell culture 

Media and reagents for cell culture were purchased from Gibco BRL 
(Eggestein, Germany). Madin-Darby Canine Kidney (MDCK) type II 
cells were cultured as described (Pimplikar et al., 1994) on 
Transwell™ polycarbonate filters (0.4 urn pore size) from Costar 
(Cambridge, MA, USA) or on plastic dishes. MDCKII Lac switchable 
cells were given by Dr E. E. Schneeberger and cultivated the same 
way as wild-type MDCKII except when transfected (McCarthy et al., 
1996). After transfection, the selection was maintained with 0.6 
mg/ml G418 geneticin (Gibco BRL). 293 cells were grown in MEM 
medium supplemented with 10% fetal calf serum (FCS) and 1% non- 
essential amino acids in addition to the general components such as 
penicillin/streptomycin and glutamine. 

Preparation of antibodies and immunoblotting 

The affinity-purified anti-annexin XIII-II antibody preparation was 
according to Fiedler et al. (1995). 12% SDS-PAGE gels were run 
using the BioRad mini-gel system unless otherwise mentioned. 
Polyclonal rabbit anti-VIP21/cavl amino-terminal N20 was 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, 
USA). Monoclonal mouse anti-GP114 was from our laboratory 
(Balcarova-Stander et al., 1984). Goat anti-rabbit and goat anti-mouse 
horseradish peroxidase-conjugated antibodies were from BioRad 
(Munchen, Germany). The immunoblots were revealed with ECL 
(Amersham International). 

Construction of recombinant ad novlruses xpr ssing 
ann xin Xllls 

Recombinant adenoviruses expressing annexin Xllla, annexin Xlllb 
and non-myristoylated annexin XI I la were produced as described 



previously (He et al., 1998). Briefly, the annexin XIIIs sequences were 
amplified by PCR to obtain a Kpnl-Xbal fragment using TCG GGT 
ACC AAA AAC GAA ATG GGC as 5' primer for the myristoylated 
annexins and, in order to create a non-myristoylated mutant, the codon 
for the amino-terminal glycine GGC was replaced by one for alanine 
GCC in the 5' primer. The 3' primer was ATA TCT AGA TCA GTG 
CAA GAG GGC C in all the constructs. The fragments were cloned 
in the pShuttle-CMV vector and recombinant adenoviral plasmids 
were generated by homologous recombination with the pAdEasy-1 
vector (He et al., 1998). Transfection of 293 cells was performed by 
lipofection. Amplified adenoviruses were purified by CsCl gradient 
centrifugation and stored at -20°C in storage buffer (5 mM Tris-HCl, 
pH 8.0, 50 mM NaCl, 0.1% BSA, 25% glycerol). 

Cloning of annexin Xllls for stable expression In MDCKII 
Lac switchable ceils 

The annexin XIIIs sequences were amplified by PCR to obtain a Xba\- 
Kpnl fragment containing a suitable Kozack sequence before the ATG 
and a c-myc tag at the carboxy terminus. For the amplification of the 
annexin XI lib sequence, the 5' primer was TCG TCT AGA GCC ACC 
ATG GGC AAT CGT CAT AGC C, these last four nucleotides being 
replaced by GCC A for amplifying the annexin Xllla sequence. As 5' 
primer for the non-myristoylated mutants, the codon for the amino- 
terminal glycine GGC was replaced by one for alanine GCC. For all 
constructs, the 3' primer was ATA GGT ACC TCA GTT CAA GTC 
TTC TTC GCT TAT GAG TTT TTG CTC GTG CAA GAG GGC 
CAC, where the bold characters correspond to the c-myc tag, 
EQKLISEEDLN. The fragments were inserted in pOPRSVl-1 vector, 
a derivative of the pOPRSVl-CAT vector containing a poly linker 
instead of the CAT gene (Daniele Zacchetti, EMBL; Cheong et al., 
1999). 

Infection and transfection of MDCKII cells 

For transient overexpression of annexin XIIIs by adenovirus infection, 
MDCKII cells grown on 1 .2 cm filters for 3 days were infected on the 
apical side at 37°C for 1 hour in 500 \i\ of culture medium with 1 [i\ 
of virus stock. The expression was carried on for 16 hours before 
further analysis. For stable overexpression of annexin XIIIs, the 
MDCKII Lac switchable cells were transfected by electroporation and 
the clones were selected for their resistance to G418. 24 clones of 
each transfection were screened by immunofluorescence with anti- 
annexin XIII-II antibody for the expression of the exogenous proteins, 
after having induced their synthesis with 5 mM IPTG and 1 mM NaBu 
for 16 hours at 37°C. 

Immunoelectron microscopy and immunofluorescence 
analysis 

The locations of the transiently overexpressed annexin Xllla, annexin 
Xlllb or non-myristoylated annexin Xllla in polarized cells were 
determined at the electron-microscope level using anti-annexin XIII- 
II antibody at 1/200 dilution, according to Lafont et al. (1998b). For 
immunofluorescence studies, cells grown on filters were washed twice 
in PBS+ buffer (PBS containing 0.9 mM CaCh and 0.5 mM MgCh), 
fixed with methanol at -20°C for 6 minutes and then processed for 
immunolabeling. The myc-tag was not accessible either to the 
polyclonal or the monoclonal myc antibodies. The anti-annexin XIII- 
II antibody was used instead at a dilution of 1/300 on transient 
expressing cells and 1/100 on stable clones in PBS, supplemented 
with 0.2% gelatin for 1 hour at 37 °C. The secondary antibody was a 
goat anti-rabbit FITC-conjugated antibody (Dianova, Hamburg, 
Germany). The filters were placed in mounting medium and analyzed 
using a Leica NTS confocal microscope as described previously 
(Lafont et al., 1998b). 

Membran ass ciati n analysis 

The two-step sucrose gradient was prepared as previously described 
(Fiedler et al., 1993). Briefly, the MDCKII or MDCKII Lac switchable 
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cells grown to confluence in 1 50 cm dishes were homogenized at 4°C 
in 500 nl of 10 mM Hepes, pH 7.4, 5 mM EGTA, 250 mM sucrose, 
1 mM DTT, 25 mg/ml CLAP protease inhibitors. Then, a postnuclear 
supernatant (PNS) was obtained by 10 minutes centrifugation at 3000 
rpm in a microfuge. The PNS was made 1 .5 M sucrose, placed in a 
SW60 centrifuge tubes (Beckman, Munchen, Germany) and overlaid 
by a 1.2 M and a 0.8 M sucrose layer in Hepes-EGTA. The flotation 
was carried out at 4°C for 18 hours at 35000 rpm. The membranes 
float at each sucrose interface. 500 jlxI fractions were collected starting 
at the top of the gradient and 30 \i\ of each fraction was analyzed by 
SDS-PAGE followed by western blotting. 

To prepare the total membrane fraction, MDCKII cells grown to 
confluence in 15 cm dishes were homogenized in 200 |J.l of 10 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EGTA, 1 mM DTT and 
CLAP. The membranes from 30 uJ of the subsequent PNS were 
collected on a 1 M sucrose cushion by a centrifugation at 100,000 g 
in a TLA 100 rotor (Beckman). The membranes were thereafter treated 
for 15 minutes with agitation at room temperature (RT) in 30 |xl of 10 
mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EGTA as a control, or 
the same buffer supplemented with either 1 M KC1 or 0.2% Nonidet 
P-40 (NP-40), or were treated at 4°C in 30 of 0.1 M NaHC03, pH 
1 1 . For extraction of the cholesterol, the membranes were treated with 
10 mM cyclodextrin in 30 [i\ of buffer for 30 minutes at 37°C. The 
peripheral-membrane proteins released from the membranes were 
recovered in the supernatant following a second 100,000 g 
centrifugation. The samples were directly mixed with 2x loading 
buffer and analyzed by SDS-PAGE followed by blotting. 

Crosslinking of membrane proteins by 
phospholipids 

The synthesis of a C18-stearic acid derivative containing a ^ 
diazirin ring on the C10 carbon (10-azistearic acid) is 
described elsewhere (Thiele et al., 2000). MDCKII cells 
grown on 2.4 cm size polycarbonate filters for 2.5 days were 
incubated for 3 hours in medium with 5% FCS. Then cells 
were incubated in medium supplemented with 1 % FCS and 
100 jaM C18-stearic acid mixed 1:1 with BSA for overnight 
labeling at 37°C. The fatty acid was then chased for 2 hours 
with 10% FCS in MEM medium. Cells were washed in PBS + , 
frozen in liquid nitrogen for 5 seconds and subjected, on dry 
ice, to UV irradiation by a black light lamp equipped with 
100-W mercury bulb and a filter cutting wavelengths below 
3 10 nm (Spectroline model B 100/F, Spectronics Corporation, 
Westbury, NY, USA). The cells were 12 cm from the source 
for 15 minutes of irradiation. Subsequently, cells were 
scraped from the filters and homogenized. The membranes 
and the cytosol fractions were separated by a 100,000 g 
centrifugation, as described above, and the proteins were 
separated on large SDS-PAGE gels containing 8% 
polyacryl amide for annexin Xillb and 13.5% for VIP21/cavl 
analysis. 



hours at 4°C. 500 |il fractions were collected starting from the top of 
the gradient and TCA precipitated. The pellets were washed 3 times 
with -20°C acetone and all the material was subjected to SDS-PAGE 
and blot analysis. 

Expression and purification of recombinant annexin XIMa 
and transport assay 

Myristoylated annexin Xllla was expressed in the Drosophila 
Schneider cells and purified exactly as previously reported for annexin 
Xillb (Lafont et al., 1998b). A functional assay reconstituting the 
transport of exocytic carriers from the TGN to either the apical or the 
basolateral surface has already been described in detail (Lafont et al., 
1998a). 



RESULTS 

Annexins Xllla and Xillb are identical except that annexin 
Xillb has a 41-amino-acid insertion in its N-terminal tail. 
Because of this similarity we were not able to raise an antibody 
specific for annexin Xllla, so its expression was analyzed by 
making use of an antibody directed against a peptide sequence 
in the N-terminal tail common to both isoforms (Fiedler et al., 
1995; Fig. 1A). This affinity-purified antibody recognizes three 
bands by immunoblotting of an MDCKII lysate (Fig. IB). By 
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Raft association analysis 

MDCKII or the stable MDCKII Lac switchable cells 
overexpressing annexin XIIIs (MDCK(lac)/55) were grown to 
confluence in 3 cm dishes and scraped directly after ice-cold 
PBS washes in 400 ^1 of 10 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 5 mM EGTA or increasing amounts of CaCh, 1% 
Triton X-100 (TX-100), 1 mM DTT, CLAP at 4°C. The cells 
were incubated for 30 minutes at 4°C to allow the 
solubilisation of the membranes to occur. Then, the material 
was adjusted to 40% OptiPrep™ (Nycomed-Pharma, Oslo, 
Norway) in a final volume of 1 ml and was overlaid with 1.2 
ml of 30% OptiPrep™, 1.2 ml 25% OptiPrep™ and 0.8 ml 
of 5% OptiPrep™ (all in 10 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 1% TX-100 plus CaCh as mentioned in the text). The 
flotation was performed in SW60 tubes at 1 00,000 g for 4 



Anx Xillb 
Anx II 
Anx Xllla 



Fig. 1. Characterization of the 
anti-annexin XIII-II antibody. 

(A) Comparison of the 
sequences of annexin Xllla and 
Xillb. The peptide sequences of 
the tails recognized by the anti- 
annexin Xillb and anti-annexin 
XIIM1 antibodies are 
underlined. 

(B) Western blot probed with 
the anti-annexin XHIb or the 
anti-annexin XIII-II antibody on 
MDCKII cells lysate. The 

positions of molecular mass markers and annexin Xillb (40 kDa) and Xllla 
(36 kDa) are indicated. 
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Fig. 2. Immunostaining of annexin XIHa as compared with that of 
annexin Xlllb in MDCKII cells. After infection with recombinant 
adenoviruses overexpressing wild-type annexin XIHa or Xlllb, 
MDCKII cells were analyzed by immunoblotting (A) and by 
immunofluorescence confocal microscopy (B) with the anti-annexin 
XIII-II antibody. Bar, 10 urn. 



2D-gel analysis and comparison with either overexpressed or 
purified annexin XIIIs and by microsequencing, we could 
determine that the upper band corresponds to annexin Xlllb 
and the lower band corresponds to annexin Xffla. By 
microsequencing analysis, the intermediate band was 
described as being a variant of annexin II (Fiedler et al., 1997), 
although the amino acid sequence selected to raise the antibody 
does not show homology to that of annexin II. In this study, 
this antibody is referred as the anti-annexin XIII-II antibody. 

Diff r ntial localizati n of annexin XIHa v rsus 
annexin Xlllb in polarized MDCKII cells 

To determine where annexin XIHa is targeted in MDCKII cells, 
recombinant annexin XIII adenoviruses were generated and 
used to infect these cells. We used the anti-annexin XIII-II 



antibody at a dilution such that the endogenous annexin XIIIs 
were not stained, thus allowing detection of adenovirus- 
expressed annexins by western blotting (Fig. 2A), 
immunofluorescence (Fig. 2B) and immunoelectron 
microscopy (Fig. 3). The overexpressed annexin Xlllb was 
apically localized using both anti-annexin Xlllb and anti- 
annexin XIII-II antibodies (Figs 2B, 3A). At the same 
expression level, the overexpressed annexin Xilla was visible 
both at the basolateral and at the apical plasma membranes 
(Figs 2B, 3B). Quantitation by immunoelectron microscopy 
confirmed that annexin Xilla was equally distributed between 
the two plasma membrane domains of MDCKII cells 
(3.63±0.85 gold particles/pm membrane length on apical 
versus 3.15±0.58 on basolateral membrane). 

Calcium-independent binding of the annexin XIIIs to 
cellular membranes 

We reported previously that half of the cellular pool of annexin 
Xlllb is bound to membranes when calcium ions have been 
chelated (Lafont et al., 1998b). To characterize the membrane 
binding features of annexin XIHa, two membrane pools of high 
and low buoyant densities were isolated by flotation in a two- 
step sucrose gradient from an MDCKII cell homogenate. The 
protein content of the fractions was analyzed by western 
blotting. Caveolin-1 (VIP21/cavl) was used to follow the 
presence of membranes in the different peaks (Fig. 4 A, 
fractions 4 and 8). After chelation of calcium ions with EGTA, 
annexin XIHa and Xlllb were localized in the top fractions of 
the gradient containing the light density membranes and also 
in the soluble pool at the bottom of the gradient. 

The myristoyl moiety is necessary for the calcium- 
independent interaction of annexin XIIIs with 
membranes 

Annexin XIIIs are the only members of this protein family 
shown to be myristoylated on their N-terminal glycine (Wice 
and Gordon, 1992). In order to test how this fatty acid 
modification contributes to membrane linkage, MDCKII cells 
engineered to express exogenous genes in a regulated manner 
(MDCKII Lac switchable cells) were stably transfected with a 
pOPRSVl-1 vector encoding the myristoylated annexin XIIIs 
or their non-myristoylated mutants. In these cells, the synthesis 
of the exogenous annexin XIHa or Xlllb is repressed due to 
the stable expression of the lac repressor but can be induced 
by adding IPTG to the cell medium, thereby inhibiting the lac 
repressor. Two clones of wild-type and non-myristoylated 
mutants of annexin XIHa and Xlllb were selected by 
immunofluorescence microscopy. When membrane association 
of these exogenous proteins was compared using flotation in 
the two-step sucrose gradient the non-myristoylated annexin 
XIIIs were exclusively recovered in the cytosolic fractions 
(Fig. 4B). 

To test whether the myristoyl group was anchoring the 
annexin XIIIs to the lipid bilayer we performed crosslinking 
experiments. Polarized MDCKII cells were fed with a modified 
saturated C18 fatty acid containing a UV-activable diazirine 
crosslinker. It has been previously shown that such a fatty acid 
is more than 80% incorporated into phospholipids with a chain 
length of 18 carbons (Mahoney et al., 1977; Doi et al., 1978). 
The crosslinker makes covalent amide bonds with the 
surrounding C-H from lipids or proteins upon UV irradiation. 
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The proteins crosslinked to additional lipids can subsequently 
be detected by a mobility shift in SDS-PAGE. 

After crosslinking, the membranes were separated from the 
cytosol by centrifugation at 100,000 g and the samples were 
analysed by immunoblotting. In a typical experiment, the 
electrophoretic migration of the integral membrane protein 
VIP21/cavl was shifted, while in control experiments in which 
the cells were either fed with fatty acids without crosslinker or 
were not submitted to UV irradiation, VIP21/cavl migrated 
normally (see Fig. Crosslink available at http://www.unige.ch/ 
sciences/biochimie/Lafont/JCSLecatY2K.html). The migration 
of annexin XHIb was not shifted; however, a shadow 
trailing the migrating band became visible in the membrane 
fraction but not in the cytosolic one (see Fig. Crosslink 



available at http://www.unige.ch/sciences/biochimie/Lafont/ 
JCSLecatY2K.html). The shadow is probably due to the 
anchoring of the myristoyl group into the bilayer, arising from 
crosslinking to phospholipids. Because of the presence of the 
annexin II band overlapping the annexin XHIa staining, we 
could not determine unambiguously whether a shadow was 
associated with annexin XHIa using the anti-annexin XIII-II 
antibody. We therefore decided to analyze the membrane 
association of annexin XHIa and Xlllb by different approaches. 

Hydrophobic interactions are contributing to the 
membrane binding of annexin Xllls 

A homogenate of MDCKII cells was prepared in the absence 
of calcium, and membranes were collected on a sucrose 
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Fig. 3. Immunogold labeling of annexin Xllla, non-myristoylated annexin XIHa and annexin Xlllb in MDCKII cells. MDCKII cells infected 
with recombinant adenoviruses overexpressing annexin Xlllb (A), annexin Xllla (B) or the non-myristoylated annexin Xllla (C) were 
processed for immunoelectron microscopy with the anti-annexin XIII-II antibody ( 1 0 nm gold particles). Bar, 500 nm. 
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cushion by ultracentrifugation at 100,000 g. These pelleted 
membranes were washed with high salt or basic pH buffers and 
samples were subsequently centrifuged at 100000 g. The 
proteins released from the membrane pool were detected on 
western blots. The integrity of the membranes was assessed 
using VIP21/cavl (Fig. 5A). For both isoforms of annexin 
XIII, binding to membranes was not abolished by high salt 
washes (Fig. 5B). Similarly, high pH stripping of the 
membranes released little protein (Fig. 5B). There are reports 
that myristoylated or palmitoylated proteins are resistant to pH 
11 extraction (Song and Dohlman, 1996; Topinka and Bredt, 
1998). The resistance of the annexin XIIIs to pHll treatment 
shows that hydrophobic interactions are contributing to their 
membrane association and supports the conclusion of the 
crosslinking experiment described above. 

Since annexin Xlllb has been shown to bind to cholesterol- 
sphingolipid rafts (Lafont et al., 1998b), we next analyzed 
whether cholesterol depletion using cyclodextrin was affecting 
the membrane binding of both annexin XHIa and Xlllb. 



Indeed, this was the only treatment which could significantly, 
although not entirely, release the annexin XIIIs into the 
supernatant (Fig. 5C). 

A p ol of annexin Xllla is associated with rafts in 
absence of calcium 

To demonstrate raft association of annexin Xlllb, we 
previously showed the presence of annexin Xlllb in lipid- 
protein complexes resistant to solubilisation by Triton X-100 
at 4°C (Lafont et al., 1998b). These insoluble complexes are 
separated from solubilised proteins and from cytoskeletal 
elements by flotation in a density gradient. Insoluble 
complexes float to low density, unlike cytoskeletally bound 
elements and soluble proteins, which stay at the bottom of the 
flotation gradient. When MDCKII cells were lysed with TX- 
100 at 4°C in a buffer lacking calcium and the material was 
subsequently subjected to OptiPrep™ gradient centrifugation, 
part of annexin Xllla was recovered in the low density 
fraction (Fig. 6A). This fraction was typically enriched in the 
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Fig. 4. Calcium-independent binding of annexin XIII to membranes. (A) MDCKII homogenate was prepared with EGTA. The membrane 
fractions were separated from the cytosolic proteins by a two-step sucrose gradient centrifugation. The partitioning of annexin XIIIs and 
VIP2I/cavl between the membranes (heavy membranes: fractions 4-5, light membranes: fractions 8-9) and the cytosolic pools (fractions 1-3) 
was analyzed by western blot using, respectively, anti-annexin XIII-II and anti-VIP21/cavl antibodies. (B) Stable clones of MDCKII Lac 
switchable cells overexpressing either the wild-type or the non-myristoylated mutants of the annexin XIIIs were submitted to the two-step 
sucrose gradient centrifugation and the presence of annexin XIIIs and VIP21/cavl in each fraction was followed by immunoblotting. Note that 
a band corresponding to the endogenous annexin II is visible in the immunoblot of the BM55 clone and that two bands corresponding to the 
endogenous annexin XII la (lower) and XII lb (upper) are visible in the immunoblot of the AM95 clone. 



Annexin Xllla in polarized MDCK cells 2613 



Mb Cyt 



0.2% NP40 
P S 



1MKCL 
P S 



pHH 
P S 



CNTR 
P S 



CNTR 
P S 



a 
P s 



VIP21/cavl 



Fig. 5. Cyclodextrin treatment can partially release annexin XIIIs from membranes. 
(A) The total membrane (Mb) and cytosolic (Cyt) fractions of MDCKII cells were 
segregated by a 100,000 g spin of the PNS in the absence of calcium. (B) Membranes 
were subsequently subjected to no treatment (CNTR) or extracted for 15 minutes at 4°C 
with 0.1 M NaHC03, pH 1 1, 1 M KC1 or 0.2% NP-40 at RT and then spun at 1 00,000 g 
and recovered in the pellet (P) while the released proteins were in the supernatant (S). 
(C) In order to extract cholesterol, membranes were treated with 10 mM cyclodextrin for 
30 minutes at 37°C (CX) or left untreated as control (CNTR). The partitioning of 
annexin XIIIs and VIP21/cavl between the fractions was analyzed by western blot using 
the respective antibodies. 



cholesterol-binding protein VIP21/cavl. Neither annexin Xllla 
nor Xlllb floated anymore after depletion of cholesterol by 
cyclodextrin (Fig. 6B). A pool of annexin Xllla thus associates 
with lipid-rafts independently of calcium. However, we noticed 
that a fraction of annexin Xllla was reproducibly associated 
with the low density fraction. We wondered whether this could 
reflect a differential behavior of apical versus basolateral 
annexin Xllla. 

To find out whether the apical and the basolateral pools of 
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annexin Xllla differed in their raft-binding 
properties, we made use of the properties of 
MDCKQ Lac switchable cells. This 
subclone differs from MDCKII cells by 
several criteria. For example, MDCKII 
Lac switchable cells express endogenous 
annexin XIIIs to a lower extent than 
MDCKII cells (data not shown) and have 
a lower capacity for apical delivery 
(Cheong et al., 1999). Another difference 
compared to MDCKII cells was that the 
overexpressed annexin Xllla exclusively 
localised to the basolateral plasma 
membrane of MDCKII Lac switchable 
cells whereas the overexpressed annexin 
Xlllb was mostly apical (Fig. 7). This 
could be observed independently of the 
expression level by immunofluorescence 
after expression of annexin XIIIs either 
stably with pOPRSVl vector (Fig. 7) or 
transiently with recombinant adenoviruses 
(S. Lecat, unpublished results). 

Because of the exclusive basolateral localization of annexin 
Xllla in the MDCKII Lac switchable clone, we could analyze 
biochemically the raft association of the basolateral annexin 
Xllla. We prepared detergent-insoluble material with calcium- 
chelating agents from stable clones expressing annexin Xllla 
or Xlllb and performed step density gradient flotation. We 
found that annexin Xllla was not floating while VIP21/cavl 
(unpublished result) and annexin XUIb (Fig. 8A) were floating 
to the same extent as in normal MDCKII cells. 

Several annexins have been shown to float after Triton 
extraction in the presence of calcium (Parkin et al., 1996). 
This is particularly the case for the basolateral pool of 
annexin II, which has recently been observed in rafts together 
with CD44 (Oliferenko et al., 1999). We wanted therefore to 
compare the effect of calcium on the raft association of 
annexin XIIIs expressed in MDCKII Lac switchable cells 
versus that of annexin II. Increasing the calcium 
concentration to 200 fxM had no effect on VIP21/cavl 
(unpublished result) or annexin Xlllb flotation (Fig. 8B). On 
the other hand, calcium triggered a drastic flotation of 
annexin II, as previously reported (Fig. 8B; Oliferenko et al., 
1999) and a significant and reproducible flotation of a fraction 
of annexin Xllla. To verify the specificity of the calcium- 
dependent raft association of annexin Xllla, we made use of 
its non-myristoylated mutant. At a concentration of 1 mM 
calcium, annexin Xllla lacking its fatty acid modification was 
entirely associated with the total membrane fraction 
recovered from a 1 00,000 g pellet (Fig. 8C). However, despite 

Fig. 6. A fraction of annexin Xllla binds to detergent-insoluble 
glycosphingolipid enriched material (DIGs) independently of 
calcium. MDCKII cells were lysed in 1% TX-100 at 4°C in the 
absence of calcium and the DIGs were separated from the solubilised 
fraction by a centrifugation in an OptiPrep™ gradient. (A) The 
presence of GP1 14 (negative control), annexin XIIIs and VIP21/cavl 
(positive control) in the different TCA-precipitated fractions of the 
gradient was analyzed by western blotting with anti-GPl 14, anti- 
annexin XIII-II and anti-VIP2I/cavl antibodies, respectively. 
(B) Upon extraction of cholesterol from the cell using cyclodextrin, 
the detergent-insoluble material is drastically reduced. 
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being bound to membranes, the non-myristoylated annexin 
XHIa was not observed in the floating fractions. 

Annexin Xllla is differently implicated in th exocytic 
pathways of MDCKII cells 

We previously reported that, in polarized MDCKII cells, a 
recombinant myristoylated annexin Xfflb could stimulate the 
apical delivery of exocytic carriers while the basolateral route 
was not affected (Lafont et al., 1998b). Here, we followed the 
transport of viral proteins targeted to either plasma membrane 
in the same functional assay as was used previously. This assay 
reconstitutes the trans-Golgi network (TGN)-to-apical or -to- 
basolaterai surface transport steps in Streptolysin-0 
permeabilized MDCKII cells (Lafont et al., 1995). We found 
that the purified recombinant myristoylated annexin Xllla (Fig. 
9A), when introduced to permeabilized cells, was localized in 
both compartments (Fig. 9B) and could stimulate the apical 
delivery of transport carriers (Fig. IOC). On the contrary, 
basolateral transport was inhibited (Fig. 9C). 



DISCUSSION 

In this study, we show that both annexin XIII isoforms bind to 
membranes independently of calcium. Based on the cytosolic 
localization of the non-myristoylated mutants, we propose that 
the N-terminal myristoyl modification present in both isoforms 



is necessary for the interaction with the lipid bilayer in the 
absence of calcium. Calcium-independent membrane binding 
has also been reported for other annexins. Annexin I interacts 
with the plasma membrane and with multivesicular bodies of 
NIH3T3 cells (Futter et al., 1993), annexins VI and II with 
clathrin coated pits (Turpin et al., 1998), annexin II with the 
plasma membrane of A549 cells (Liu et al., 1997) and with 
early endosomes in BHK cells (Jost et al., 1997). In the latter 
case, the domain important for calcium-independent binding to 
membrane has been mapped to amino acids 14-25 of the N- 
terminal tail of annexin II (Jost et al., 1997). A comparison of 
the known structures of annexins indicates that the N-terminal 
tail of annexin XIIIs should protrude out of the core domain 
on the face opposite to the calcium binding sites (Liemann and 
Lewit-Bentley, 1995). Our experiments suggest that the 
myristoyl group at the N terminus is inserted in the lipid 
bilayer. Thus, due to the shortness of the tail of annexin Xllla 
(12 amino acids), the calcium binding sites of the annexin 
Xllla core domain might be prevented from facing the 
membrane, and instead, be exposed towards the cytosol. This 
opens new perspectives for the function of the annexin core, 
which could interact in a calcium-dependent manner with 
proteins in addition to its lipid binding potential. Such a 
possibility is strengthened by the structural data obtained for 
the hexameric annexin XII, in which the calcium-binding sites 
were mediating face-to-face binding of one trimer to another 
(Luecke et al., 1995). A similar dual binding capacity has been 
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Fig. 7. Basolateral localization of annexin Xllla in MDCKII Lac switchable cells. Stable clones of MDCKII Lac switchable cells 
overexpressing either annexin Xlllb (13B) or Xllla ( 1 3A) in an inducible manner were analyzed by immunoblotting and by 
immunofluorescence confocal microscopy with anti-annexin XIII-II antibody. Confocal xz and xy sections are shown. I, Induced, Nl, non- 
induced. Bar, 10 urn. Note in the immunoblots (upper right panel) that the overexpressed annexin XIIIs are running slower than the endogenous 
proteins due to their fusion to the myc-tag. In addition, a band corresponding to the endogenous annexin II is slightly visible in the immunoblot 
of the BM55 clone and a band corresponding to the endogenous annexin Xlllb is visible in the immunoblot of the AM95 clone. 
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Fig. 8. Raft association of basolateral annexin Xllla is dependent on calcium and the myristoyl group. Detergent-resistant membranes were 
prepared from the stable clones of MDCKII Lac switchable cells overexpressing either annexin Xlllb, annexin Xllla or the non-myristoylated 
annexin Xllla in the absence (A) or presence of 1 mM calcium (B). The different TCA-precipitated fractions collected after the OptiPrep™ 
gradient centrifugation were tested for their content of annexin XIIIs by western blot with the anti-annexin XIII-I1 antibody. Note that the 
endogenous annexins are visible in addition to the exogenous annexin XIIIs; in particular, the annexin II staining becomes extremely strong 
once the sample is prepared in presence of calcium. (C) PNS of MDCKII Lac switchable clones were prepared in presence of increasing 
amount of calcium. The membrane (Mb) and cytosolic (Cyt) pools were segregated by a 100,000 g spin and analyzed for their content of 
annexin XIIIs, myristoylated or not, by western blotting with anti-annexin XIIMI antibody. The non-myristoylated annexin Xllla is entirely 
recovered in the membrane fraction at 1 mM calcium, while at 150 u.M calcium it is still mostly cytosolic. The myristoylated annexin XIIIs are 
almost completely bound to the membrane fraction at 500 u,M calcium. Note that the endogenous annexin Xllla (lower band in clone AM95) 
and Xlllb (upper band in all the clones) are visible in the immunoblot. 



demonstrated for the C2 domain (also called CaLB), another 
calcium-dependent phospholipid binding domain (Davis et al., 
1998). For example, the C2A domain of synaptotagmin 
interacts in a calcium-dependent manner with phospholipids 
but can also bind to syntaxin or dimerize with itself (Popoli et 
al., 1997). Interestingly, the C2 domain of pl20ras GAP 
interacts with annexin VI in a calcium-dependent manner 
(Davis et al., 1996). 

With the exception of annexin II and annexin Xlllb, the 
association of annexins with lipid rafts has not been studied. 
Here we show by flotation after Triton X-100 solubilization 
that the apical annexin Xllla is raft-associated in the absence 
of calcium while the basolateral annexin Xllla only associates 
with rafts in the presence of calcium. Lipid rafts are present 
both apically and basolaterally but are enriched apically 
(Simons and van Meer, 1988; Benting et al., 1999). Annexin 
II and the integral membrane protein CD44 were shown to 



partition into rafts at the basolateral plasma membrane of 
mammary gland epithelial (Oliferenko et al., 1999). This 
interaction of annexin II with the basolateral rafts was shown 
to require calcium. How annexin II binds to lipid rafts is not 
known. In the case of annexin Xllla, this binding involves the 
myristoylated N-terminal tail, since in presence of calcium, the 
non-myristoylated annexin Xllla was able to bind membranes 
but not to lipid rafts as assayed by detergent insolubility. The 
composition of the inner leaflet of rafts is not yet defined. The 
differential localization of different annexins is difficult to 
explain without assuming the existence of protein partners for 
annexin XIIIs. Identifying these putative linkers would help to 
understand their functions. 

We have previously demonstrated that annexin Xlllb is 
involved functionally in apical transport from the TGN (Lafont 
et al., 1998b). The data suggested that annexin XDJb could play 
a role both during formation of the apical transport containers 
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Fig. 9. Annexin XIII a is differently involved in the exocytic routes in 
MDCK cells. (A) Upper panel, silver staining of the purified 
recombinant myristoylated annexin XHIa expressed in Schneider 
cells. Lower panel, western blotting using the anti-annexin XIII-II 
antibody. Samples analyzed are Ni-column flowthrough (FT); 
imidazole washes 1 0 mM (W 1 ), 20 mM (W2); 40 mM (W3); 
elutions 120 mM imidazole (El -3); Ni beads (B). 
(B) Immunostaining of recombinant annexin XHIa (green) in 
Streptolysin-0 permeabilized MDCK cells. Affinity-purified anti- 
annexin XIII-II was used at 1 :200 dilution and nuclei were visualized 
after DNA staining with propidium iodide. A confocal xz section is 
shown; bar, 15 urn. Note that the protein is present in both 
compartments. (C) Transport assay performed in permeabilized 
MDCKII cells with the hemagglutinin of influenza virus as an apical 
reporter and the glycoprotein of vesicular stomatitis virus as a 
basolateral reporter. Values of duplicate samples from three 
independent experiments are shown as % transport (mean ± s.e.m.). 



in the TGN and at the docking and the fusion stage of delivery. 
These results conform with the localization of annexin Xlllb, 
which has been visualized along the apical pathway from the 
TGN to the apical membrane. Annexin XHIa, on the other 



hand, was only localized basolaterally in the MDCKII Lac 
switchable cells, and both apically and basolaterally in the 
MDCKII cells. Thus the unique 41-amino-acid insertion in the 
N-terminal tail of annexin Xfflb is likely to contain an apical 
localization determinant. We attempted to analyze the function 
of annexin XHIa using the SLO-permeabilized cell system to 
investigate its role in apical or in basolateral transport from the 
TGN. Recombinant myristoylated annexin Xllla, when added 
to the permeabilized MDCK cells, was able to enhance apical 
delivery of influenza virus hemagglutinin as efficiently as 
annexin Xlllb did. However, contrary to annexin Xlllb, the 
recombinant annexin Xllla had an inhibitory affect on the 
basolateral delivery of VSV-G; recombinant annexin Xlllb had 
no effect. Thus annexins Xlllb and Xllla behave identically in 
the apical compartment. This is perhaps not surprising because 
apical annexins Xlllb and XHIa are so similar in their 
properties. The exact function of annexin XIII in the apical 
compartment is not yet defined. The protein could help to 
cluster lipid rafts and associated proteins into apical transport 
containers, or alternatively could be involved in organizing the 
docking and fusion stage of the apical delivery. It cannot, 
however, be excluded that the protein plays its main role in 
regulating raft-mediated processes at the apical surface. The 
role of basolateral annexin Xllla is even more difficult to 
pinpoint. Does the finding that annexin Xllla is only 
basolaterally localized in the MDCK II Lac switchable cell 
strain suggest that its function is mainly there and that the 
apical localization in MDCKII cells is due to overexpression? 
Or do MDCKII Lac switchable cells lack a protein that 
localizes annexin Xllla to the apical compartment? In this 
respect, the random redistribution of the myristoylated apical 
type II cGMP-dependent protein kinase occurring in the 
Microvillus Inclusion Disease, presumably because of a sorting 
deficiency, is of particular interest (Ameen and Salas, 2000). 
The inhibitory effect on basolateral transport in the SLO- 
permeabilized MDCKII cells may reflect binding to lipid rafts 
being transported basolaterally (Benting et al., 1999), and due 
to steric hindrance this binding inhibits the assembly of the 
basolateral transport containers. The enigma of the functional 
roles of the annexins remains. The fact that two very similar 
isoforms of annexin XIII are so different in their properties is 
an interesting topic for further research. 
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ABSTRACT One of the earliest events in programmed cell 
death is the externalization of phosphatidylserine, a mem- 
brane phospholipid normally restricted to the inner leaflet of 
the lipid bilayer. Annexin V, an endogenous human protein 
with a high affinity for membrane bound phosphatidylserine, 
can be used in vitro to detect apoptosis before other well 
described morphologic or nuclear changes associated with 
programmed cell death. We tested the ability of exogenously 
administered radiolabeled annexin V to concentrate at sites of 
apoptotic cell death in vivo. After derivatization with hydrazi- 
nonicotinamide, annexin V was radiolabeled with technetium 
99m. In vivo localization of technetium 99m hydrazinonicoti- 
namide-annexin V was tested in three models: fuminant 
hepatic apoptosis induced by anti-Fas antibody injection in 
BALB/c mice; acute rejection in ACI rats with transplanted 
heterotopic PVG cardiac allografts; and cyclophosphamide 
treatment of transplanted 38C13 murine B cell lymphomas. 
External radionuclide imaging showed a two- to sixfold in- 
crease in the uptake of radiolabeled annexin V at sites of 
apoptosis in all three models. Immunohistochemical staining 
of cardiac allografts for exogenously administered annexin V 
revealed intense staining of numerous myocytes at the pe- 
riphery of mononuclear infiltrates of which only a few dem- 
onstrated positive apoptotic nuclei by the terminal de- 
oxynucleotidyltransferase-mediated UTP end labeling 
method. These results suggest that radiolabeled annexin V can 
be used in vivo as a noninvasive means to detect and serially 
image tissues and organs undergoing programmed cell death. 



Programmed cell death (apoptosis) plays a crucial role in the 
pathogenesis of a number of disorders including AIDS and 
other viral illnesses, cerebral and myocardial ischemia, auto- 
immune and neurodegenerative diseases, organ and bone 
marrow transplant rejection, and tumor response to chemo- 
therapy and radiation (1-3). Since the original description of 
apoptosis by Wyllie in 1972, its assessment in vivo has required 
direct examination of biopsied or aspirated material (4). An 
imaging technique capable of localizing and quantifying apo- 
ptosis in vivo would permit assessment of disease progression 
or regression and similarly define the efficacy of therapy 
designed to inhibit or induce cell death (5-6). 

Cells undergoing apoptosis redistribute phosphatidylserine 
(PS) from the inner leaflet of the plasma membrane lipid 
bilayer to the outer leaflet (7, 8). The externalization of PS is 
a general feature of apoptosis occurring before membrane bleb 
formation and DNA degradation (7, 8). Annexin V, a human 
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protein with a molecular weight of 36,000 has a high affinity 
for cell or platelet membranes with exposed PS in vitro and in 
vivo (9-13). This observation has led to testing radiolabeled 
annexin V in animal models of acute thrombosis and imaging 
of atrial thrombi in patients with atrial fibrillation (14, 15). In 
the current study, annexin V was derivatized with hydrazi- 
nonicotinamide (HYNIC) and coupled to technetium 99m 
( 99m Tc) (16) before i.v. administration in animal models of 
apoptosis. HYNIC, an nicotinic acid analog, is a bifunctional 
molecule capable of bonding to lysine residues of proteins on 
one moiety and conjugates of 99m Tc on the other. The agent 
forms stable complexes with proteins (16) without affecting 
bioactivity. We performed scintigraphic imaging studies with 
derivatized annexin V to determine its ability in vivo to detect 
sites of apoptotic cell death occurring in Fas-mediated hepa- 
tocyte apoptosis, acute cardiac allograft rejection, and cyclo- 
phosphamide treatment of B cell lymphoma. Such in vivo 
imaging may prove useful in the clinical setting for noninvasive 
diagnosis, monitoring of disease progression or regression, and 
determining efficacy of treatment. 

MATERIALS AND METHODS 

Preparation of 99m Tc HYNIC-Annexin V. Human annexin V 
was produced by expression in Escherichia coli as described 
(13, 17, 18); this material retains PS-binding activity equivalent 
to that of native annexin V (18). Concentrations were deter- 
mined using E280 = 0.6 ml/mg" 1 cm" 1 and molecular weight 
was taken as 35, 806. HYNIC-derivatized annexin V was 
produced by the gentle mixing of 5.6 mg/ml of annexin V in 
20 mM Hepes, pH 7.4, and 100 mM NaCl for 3 hr shielded from 
light with succinimidyl 6-HYNIC (Anor Med, Langley, British 
Columbia) [222 /Ltg in 18.5 /ml (42 mM solution) of Nfl- 
dimethyl formamide] at room temperature. The reaction was 
quenched with 500 juil of 500 mM glycine in PBS, pH 7.4, and 
then dialyzed at 4°C against 20 mM sodium citrate, pH 5.2, and 
100 mM NaCl overnight. Precipitate was then removed by 
centrifugation at 15,000 X g for 10 min. Then, 100 p\ (100 /*g) 
aliquots of HYNIC-annexin V were stored at -70°C Incor- 
poration of HYNIC into annexin V was found to be 0.9 
mol/mol of annexin V by using the methods of King et al (19). 
Membrane-binding activity of HYNIC-annexin V and decayed 
99m Tc HYNIC-annexin V was determined by a modified 
competition assay in which 5 nmol/liter fluorescein isothio- 
cyanate (FITC)-annexin V was substituted for 125 I-annexin V 
(12, 17). After incubation for 15 min at room temperature, cells 
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were centrifuged, the FITC-annexin V bound to the pelleted 
cells was released with EDTA, and the released FITC-annexin 
V was measured by f luorometry. In this assay system, unmod- 
ified annex in V, HYNIC-annexin V, and decayed 99m Tc 
HYNIC-annexin V inhibited 50% of the binding of FITC- 
annexin V at concentrations of 8 nmol/liter, 10.5 nmol/liter, 
and 12.3 nmol/liter, respectively. 

To bind 99m Tc to the HYNIC-annexin conjugate 80 /xl of 
stannous chloride (50 mg/ml in 0.1 M HC1 purged for 2 hr with 
N 2 gas) was first added to 50 ml of a 20 mM tricine solution (pH 
7.1, purged for 1 hr with N 2 gas; tricine = N-[tris(hydroxym- 
ethyl)methyl]glycine). Two hundred microliters of the Sn- 
tricine solution was then added to 100 /xl of 99m Tc 0 4 (4-20 
mCi (1 Ci = 37 GBq) activity in 0.9% NaCl) previously mixed 
with a 100 Ltl (100 ttg) aliquot of HYNIC-annexin V according 
to the methods described by Abrams et al. (20). Specific activity 
was 10-200 M-Ci/Vg protein (depending on desired activity) 
with a radiopurity of 92-97% determined with instant thin 
layer chromatography using 0.9% saline solution as a solvent. 

Scintillation Well Counting. Samples were counted in a 
Packard Cobra II gamma counter (Packard). The energy 
window was set at a lower level of 120 keV and an upper level 
of 170 keV for 99m Tc. When 125 I was counted, samples were 
allowed to decay for at least 24 hr. The samples were then 
recounted using both the technetium window and an 125 I 
setting with a lower level of 20 keV and an upper level of 50 
keV. Samples were corrected for any residual cross talk. 

Radionuclide Imaging. A Technicare 420 mobile camera 
(Technicare, Solon, OH) equipped with a low energy high 
resolution parallel hole collimator was used to record the 
radionuclide distribution in mice and rats sedated with a 
mixture of 80 mg/kg ketamine and 4 mg/kg acepromazine 
injected i.m. Data were recorded by using a 20% window 
centered on the 140 keV photopeak of technetium into a 128 X 
128 matrix of a dedicated computer system for digital display 
and analysis (ICON, Siemens, Hoffman Estates, IL). All 
images were recorded for a preset time of 10-15 min. 

Murine Model of Fas-Mediated Apoptosis. Massive hepatic 
apoptosis can be induced within 1-2 hr in mice following i.v. 
injection of anti-Fas antibody (21). We used this well described 
model of in vivo programmed cell death to test the specific 
localization of 99m Tc HYNIC-annexin to an organ undergoing 
apoptosis in vivo. Four- to five-wk-old BALB/c mice were 
injected i.v. with purified hamster anti-Fas mAb (Jo2, 10 
/xg/animal, PharMingen, San Diego, CA) using the model 
proposed by Ogasawara et al. (21). Mice were then injected i.v. 
with 25-50 /ig/kg of 99m Tc HYNIC-annexin V (10-25 fid/ 
animal for biodistribution study and 100-150 /xCi/animal for 
imaging studies) 1 or 2 hr after antibody treatment. Animals 
were killed 1 hr after administration of radiopharmaceutical 
followed by organ removal for scintillation counting of radio- 
activity and for histologic and immunohistochemical analyses. 

Control studies with 99m Tc labeled human serum albumin 
(HSA) also were performed in untreated and anti-Fas treated 
mice. Although other proteins were considered as controls, 
albumin was selected because distinguishing the potential 
vascular disruption and protein leakage associated with acute 
apoptosis was a major goal of this control experiment. The 
animals were injected with 100-150 /xCi of " m Tc labeled HSA 
(25 mg/animal) and imaged at 1 and 2 hr, in similar fashion to 
the mice receiving 99m Tc HYNIC-annexin. 

Rodent Model of Cardiac Transplantation. Adult male ACI 
rats (250-350 g) received heterotopic cardiac allografts from 
PVG donors (obtained from Harlan-Sprague-Dawley) anas- 
tomosed to the hosts' abdominal aorta and inferior vena cava 
according to a modification of the technique of Ono and 
Lindsey (22). Syngeneic cardiac isografts from ACI donors 
also were transplanted to the abdomens of host ACI rats. PVG 
cardiac allografts in ACI recipients using the model above 
begin to undergo rejection between 4 and 5 days post- 



transplantation as assessed by decreased pulsation to palpa- 
tion. Five days after transplantation all of the animals received 
700-900 /iCi of " m Tc HYNIC-annexin V (10-20 pig protein/ 
kg) via tail vein and were imaged 1 hr later. Animals were then 
killed, and native and transplanted hearts underwent scintil- 
lation counting and histopathologic studies. 

Murine Model of Lymphoma. 38C13 murine B cell lympho- 
mas (23) were grown in C3H.HeN mice (Harlan Breeders, 
Indianapolis) following s.c. injection of 400 tumor cells sus- 
pended in 200 il\ of RPMI medium 1640 (without serum) into 
the left flank. Fourteen days after implantation mice under- 
went treatment with 100 mg/kg of cyclophosphamide injected 
i.p. Mice were injected i.v. with 25-50 ^g/kg of 99m Tc HYNIC- 
annexin V (100-150 /xCi/animal) 20 hr after cyclophospha- 
mide administration. Animals were then imaged and killed 1 
hr after injection of radiopharmaceutical after tumor removal 
for scintillation counting and histopathologic studies. 

Immunostaining for Bound Human Annexin V and Apo- 
ptotic Nuclei. Formalin-fixed paraffin-embedded tissues were 
sectioned at 5 /xm for staining with hematoxylin/eosin or other 
techniques. Immunostaining for bound human annexin V was 
performed with a rabbit anti-serum raised against human 
placental annexin V and affinity purified with recombinant 
annexin V coupled to Affi-Gel (Bio-Rad). Immunohistochem- 
ical detection then was completed by sequential incubations 
with biotin-labeled goat anti-rabbit antibody and avidin- 
horseradish peroxidase complex (Jackson Immuno Research), 
followed by reaction with 3,3'-diaminobenzidine as described 
by Bindl and Warnke (24). 

For the detection of apoptotic nuclei, sections were stained 
using a modification of the terminal deoxynucleotidyltrans- 
ferase-mediated UTP end labeling (TUNEL) method de- 
scribed by Gavrieli et al. (25). After inhibition of endogenous 
peroxidase, deparaffinized sections were digested with pro- 
teinase K (20 /xg/ml) for 15 min at room temperature. Sections 
were then incubated with A exonuclease (Life Technologies, 
Gaithersburg, MD) at 5 unit/ml for 30 min at 37°C followed 
by equilibration with terminal deoxynucleotidyltransferase 
reaction buffer (0.2 M potassium cacodylate, 25 mM Tris*HCL, 
0.25 mg/ml BSA, 1.5 mM CaCl 2 , 20 mg/ml polyvinylpyrroli- 
done, and 20 mg/ml Ficoll) and 5 /xM dATP. The end-labeling 
reaction then was performed in terminal deoxynucleotidyl- 
transferase reaction buffer also containing a final concentra- 
tion of 75 unit/ml of terminal deoxynucleotidyltransferase and 
100 jiiM of l/vf-6-ethenol-dATP (Sigma). After a 60-min 
incubation at 37°C, the reaction was quenched via rinsing with 
lx SSC (standard saline citrate). Sections were then incubated 
with murine 1G4 mAb (gift from Regina Santella, Columbia 
University), which recognizes the ethenoadenine moiety (26). 
Subsequent immuno-histochemical detection was as described 
above, using a biotin-labeled goat anti-mouse antibody. 

RESULTS 

Biodistribution of Radiolabeled Annexin V in Fulminant 
Hepatic Apoptosis. There was a 134% and 304% increase in 
the hepatic uptake of 99m Tc HYNIC-annexin V above controls 
at 1 and 2 hr after anti-Fas antibody injection, respectively, as 
determined by biodistribution studies (Table 1). Hepatic up- 
take was inversely proportional to renal uptake in treated mice 
with a 75% decrease in renal activity 2 hr after treatment. Of 
note, there was <5% excretion of administered radiopharma- 
ceutical into the urine in control or treated animals. Splenic 
uptake was 108% and 54% above control values in the 1- and 
2-hr treatment groups, respectively. 

Subgroups of mice were co-injected with 125 I-HSA to con- 
trol for nonspecific uptake of inert protein from the circulation 
caused by hepatic endothelial cell breakdown (27). Hepatic 
uptake was 120% above control values at 1 hr after anti-Fas 
antibody injection and remained unchanged in contrast to the 
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Table 1. Biodistribution study of radiolabeled annexin V after anti-Fas antibody treatment 

_ . - 
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99mj c 


Controls 


1-hr anti-Fas 


2-hr anti-Fas 


% ID 


(n = 9) 


(n = 15) 


(n = 12) 


Liver 


12.2 ± 1.4 


28.6 ± 9.4** 


49.3 ± 12.7*** 




55.9 ± 8.9 


35.2 ± 14.4** 


14.0 ± 10.0*** 




I.U — V./.J 


3.34 ± 1.42* 


2 46 + 1 22(n<\ 


125] 


V_^VJ llll wlj 


1 -hr anti-Fas 

1 111 dllll 1 uo 


2-hr anti-Fas 


% ID 


(n = 4) 


(n = 6) 


(n = 5) 


Liver 


3.98 ± 1.09 


8.77 ± 3.53* 


8.4 ± 1.92* 


Kidneys 


1.37 ± 0.35 


1.88 ± 0.37(ns) 


1.82 ± 0.38(ns) 


Spleen 


0.39 ± 0.09 


0.47 ± 0.15(ns) 


0.37 ± 0.041(ns) 


Weight 


Controls 


1-hr anti-Fas 


2-hr anti-Fas 


(grams) 


(n -9) 


(n = 15) 


(ii = 12) 


Liver 


1.06 ± 0.097 


1.29 ± 0.32(ns) 


1.37 ± 0.22* 


Kidneys 


0.31 ± 0.061 


0.32 ± 0.079(ns) 


0.37 ± 0.072(ns) 


Spleen 


0.12 ± 0.022 


0.12 ± 0.02(ns) 


0.11 ± 0.014(ns) 



% injected dose (ID) per organ corrected for background, decay, and tail infiltration are listed for mice 
injected with 100-150 /u,Ci (radiopurity >95%, specific activity 150-200 uCi//uLg protein) of " m Tc 
HYNIC-annexin co-injected with 0.6 /xCi (25 mg) of 125 I radiolabeled HSA. A) Biodistribution of 99m Tc 
HYNIC-annexin V, B) 125 -HSA, and C) Organ weight. Data are expressed as mean ± standard error of 
the mean. P-values are shown in parenthesis () for Dunnett's test for multiple comparison of means of 
the 1- or 2-hr post-treatment groups compared with control, ns, not significant (i.e., P-value > 0.05); *, 
P < 0.05; **, P < 0.001; ***, P < 0.0001. 



progressive rise in annexin V uptake. There was a 29% 
increase in liver weight at 2 hr. Renal and splenic weight and 
uptake of 125 I-HSA did not change significantly after treat- 
ment. 

Sections of livers from mice treated with anti-Fas antibody 
showed a spectrum of nuclear changes characteristic of apo- 
ptosis (margination of chromatin, pyknosis, and karyorrhexis) 
as early as 1 hr after injection; changes were more pronounced 
and focally associated with hemorrhage (peliosis) 2 hr after 
treatment (Fig. 1A). Immunostaining for 99m Tc HYNIC- 
annexin V was observed at the cytoplasmic border of apoptotic 
hepatocytes; although this result was focal, the localization 
pattern is consistent with PS externalization, and staining 
never was observed in normal hepatocytes (Fig. IB) or in 
anti-Fas antibody-treated mice not injected with 99m Tc 
HYNIC-annexin V (data not shown). 

In Vivo Imaging of Fas-Mediated Fulminant Hepatic Apo- 
ptosis. A high concentration of radiolabeled annexin V activity 
was observed by scintillation camera imaging in the kidneys of 
control animals with minimal concentration in other organs 
(Fig. 2). Hepatic uptake in control mice [12% of injected dose 
(% ID)] did not permit clear delineation of the liver. In mice 
treated with anti-Fas antibody, there was a diffuse increase in 
the intensity of hepatic uptake of 99m Tc HYNIC-annexin V 
observed at 1 hr, which continued to rise at 2 hr after 
treatment. The transient increase in splenic uptake and the fall 
in renal activity found in the biodistribution studies both were 
visualized readily with external imaging following anti-Fas 
treatment. A total of 19 mice (six control, seven 1-hr, and six 
2-hr anti-Fas-treated animals) underwent biodistribution study 
after imaging with 99m Tc HYNIC-annexin V. The percentage 
of whole body activity per organ determined by region of 
interest (ROI) image analysis correlated well with the per- 
centage of injected dose per organ determined by biodistri- 
bution (linear correlation coefficients for the liver, kidney, and 
spleen of r 2 = 0.853, 0.860, and 0.979, respectively.) 

There was no perceptible difference in liver, renal, or splenic 
uptake on the 99m Tc-HSA images between the treated mice 
and controls (images not shown). There also was a direct 
correlation of observed uptake of " m Tc-HSA as seen by ROI 
image analysis and the biodistribution of 99m Tc-HSA (data not 
shown), which mirrored the biodistribution of ,25 I-HSA. 

In Vivo Imaging of Cardiac Allograft Rejection. All of the 
PVG cardiac allografts (n = 4) were visualized easily with 
99m Tc HYNIC-annexin V 5 days after transplantation (Fig. 3). 



ACI syngeneic cardiac isografts (n = 3) had no visible activity 
after injection of 99m Tc HYNIC-annexin with uptakes of 
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Fig. 1. Histologic sections of murine liver immunostained for 
exogenously administered human annexin V. {A) Two hours after 
anti-Fas antibody treatment there is extensive apoptotic nuclear 
change, slight cytoplasmic retraction, and interstitial hemorrhage. 
Annexin V staining (brown immunostaining product) is focally present 
at the cytoplasmic border of apoptotic hepatocytes. (B) No hepatocyte 
staining was observed in untreated mice. Staining of bile duct epithe- 
lium was caused by antibody cross-reactivity because it also was seen 
in the absence of exogenously administered human annexin V (data 
not shown). (Diaminobenzidine immunostain with hematoxylin coun- 
terstain, X40 objective magnification.) 
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Fig. 2. Imaging Fas-mediated fulminant hepatic apoptosis with 
radiolabeled annexin V. One hour after injection of 150 /uCi of 
radiopharmaceutical (50 jig/kg of protein) mice were imaged in the 
prone anterior projection. There was a progressive increase in 99m Tc 
annexin V uptake of the liver of mice at 1 and 2 hr after anti-Fas 
antibody injection. Liver activity (L) was 111% and 239% above 
control values in the 1- and 2-hr mice, respectively, as shown by region 
of interest image analysis. Kidney activity (K) was 70% and 64% below 
control values in the 1- and 2-hr mice, respectively. Splenic activity (*) 
was 168% and 45% above control values in the 1- and 2-hr mice, 
respectively. 

radiopharmaceutical identical to native cardiac activity as 
confirmed by scintillation well counting (data not shown). The 
percentage of whole body activity of PVG allografts was 213% 
above ACI isograft activity (P < 0.005; using a two-tailed 
student's / test) determined by ROI image analysis. Scintilla- 
tion well-counting assay revealed a > 11-fold increase in 99m Tc 
HYNIC-annexin V uptake in PVG allografts as compared with 
native heart activity. 

Sections of PVG cardiac allografts 5 days after transplan- 
tation showed a marked mononuclear inflammatory cell in- 
filtrate in all animals; no infiltrate was observed in syngeneic 
or native hearts. The infiltrate surrounded areas of myocardial 
injury and was associated with thrombosis of myocardial 
vessels. In the center of these areas, there was frank necrosis, 
with no staining by hematoxylin, but at the periphery, there 
were nuclei with changes of apoptosis as confirmed by TUNEL 




Fig. 3. Imaging cardiac allograft rejection with radiolabeled an- 
nexin V. Representative images of abdominal cardiac syngeneic ACI 
isograft and PVG allograft in ACI host rats 5 days after transplanta- 
tion. Rats were imaged in the prone anterior projection 1 hr after 
injection with 900 /xCi of 99m Tc-annexin V. Location of transplanted 
hearts are marked by arrows. Intense uptake of 99m Tc HYNIC-annexin 
V was observed in the cardiac allograft animal (Right) as compared 
with the lack of visualization of the syngeneic cardiac isograft (Left). 



staining (Figs. 4 A and B). Immunostaining for 99m Tc HYNIC- 
annexin V was observed in a granular pattern in cardiac 
myocytes at the junction of inflamed and necrotic areas; the 
nuclei of these cells were stained still by hematoxylin, further 
suggesting that they were apoptotic rather than necrotic (Fig. 
5A). Anti-annexin V staining was far more extensive in terms 
of the number of positive myocytes and intensity compared 
with TUNEL. Anti-annexin staining was heavy and clumped in 
frankly necrotic areas as expected (Fig. 5,4) but was specific; 
no staining was observed in syngeneic or native hearts or in 
staining of allografted hearts in which the primary antibody 
was omitted (Fig. SB). 

In Vivo Imaging of Treated Murine Lymphoma. Untreated 
flank tumor implants (n = 8) were seen easily by scintillation 
camera imaging (Fig. 6) and had an annexin V uptake 365% 
above normal soft tissue activity as shown by ROI image 
analysis. Treated flank tumors (n = 6) showed readily visual- 
izable increases in 99m Tc HYNIC annexin V activity of 78% 
above control values expressed as whole body activity per gram 
of tumor (P < 0.05 using a two-tailed student's / test for 
significance). This result was confirmed by scintillation well 
counting in which treated tumors demonstrated a 132% in- 
crease in annexin V uptake expressed as percentage of injected 
dose per gram of tumor (P < 0.05) with a 58% fall in weight 
(P < 0.05) compared with the control. The whole body activity 
per gram of tumor as seen by ROI image analysis linearly 
correlated to percentage of injected dose per gram of tumor 
determined on biodistribution study (r 2 = 0.831). Histologic 




Fig. 4. Staining for apoptotic nuclei in allografted rodent heart 5 
days after transplantation. (A) TUNEL staining showing apoptotic 
nuclei and fragments in some myocytes bordering areas of necrosis 
(myocytes without visible nuclei in upper half of field). (B) TUNEL 
positive nuclei and fragments within inflammatory infiltrate (right half 
of field) and in some myocytes bordering regions of inflammation. 
(Diaminobenzidine immunostain with hematoxylin counterstain, X40 
objective magnification.) 
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Fig. 5. Immunostaining for exogenously administered human an- 
nexin V in allografted rodent heart 5 days after transplantation. (A) 
Immunostaining with an antibody to human annexin V shows dense, 
granular staining of apoptotic myocytes at the periphery of the 
inflammatory infiltrate. Staining of necrotic myocytes (myocytes 
without visible nuclei) was clumped heavily and central. (B) Immu- 
nostaining of area similar to that shown in A omitting the primary 
antibody, shows no reaction product. (Diaminobenzidine immunostain 
with hematoxylin counterstain, X40 objective magnification.) 

analysis demonstrated virtually complete (>95%) apoptosis of 
all lymphoblasts in treated tumors with <5% apoptotic cells in 
controls (data not shown). 

DISCUSSION 

These experiments indicate that exposure of PS on the surface 
of cells undergoing apoptosis can be detected in vivo with 
radiolabeled annexin V in animal models including Fas- 
mediated fulminant hepatitis, cardiac allograft rejection, and 
tumor response to treatment. 99m Tc HYNIC-labeled annexin 
V radionuclide imaging demonstrated clear and specific local- 
ization to regions of apoptotic cell death. As has been shown 
for annexin V reagents in vitro, annexin V radionuclide 
imaging can provide a tool which can directly assess for early 
stages of programmed cell death, before membrane vesicle 
formation and DNA degradation particularly as measured by 
the TUNEL method (7, 8). Imaging of tissues undergoing 
apoptosis could be helpful in monitoring the efficacy of 
therapy of diseases associated with abnormal induction or 
inhibition of programmed cell death. Apoptosis appears to 
play an important role in autoimmune and neurodegenerative 
diseases, cardiomyopathy, myocarditis, cerebral and myocar- 
dial ischemia, infectious diseases, cancer, viral induced hepa- 
titis, and organ and bone marrow transplant rejection (1). 

The numerous anti-annexin V positive-staining myocytes 
found in rejecting rodent heart transplants with nuclei which 
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Fig. 6. Imaging treated murine lymphoma with radiolabeled an- 
nexin V. CKB.HeN mice 14 days after implantation of 38C13 murine 
B cell lymphoma s.c. into the left flank were treated with 100 mg/kg 
of cyclophosphamide injected i.p. Twenty hours after treatment mice 
were injected with 150 /LtCi of 99m Tc HYNIC annexin V (50 /xg/kg of 
protein). One hour after administration of 99m Tc HYNIC annexin V 
mice were imaged in the prone anterior projection. Treated tumor 
demonstrated uptakes of 363% and 454% above control seen by region 
of interest analysis and biodistribution assay, respectively. Control 
tumor weight = 1.29 grams, treated tumor weight = 0.82 grams. L, left; 
R, right. 

were only occasionally TUNEL positive implies that radiola- 
beled annexin V imaging may be superior to standard his- 
topathologic assessments of apoptosis. These data suggests a 
far greater role for programmed cell death in cardiac allograft 
rejection than previously reported (28-32). Anti-annexin V 
staining of apoptotic myocytes (with or without TUNEL 
stained nuclei) was diffusely granular in appearance in contrast 
to the peripheral pattern of apoptotic hepatocytes. This pat- 
tern of exogenous annexin V localization may relate to the 
unique cellular morphology of myocardial tissue; the extensive 
sarcoplasmic reticulum, which communicates with the extra- 
cellular space, also may be capable of externalizing PS during 
apoptosis. 

The ability of annexin V to bind to necrotic cells in vivo and 
bind to PS located in the inner leaflet of the plasma membrane 
is confirmed by finding heavy and clumped anti-annexin V 
staining in frankly necrotic areas in cardiac allografts. As a 
result, annexin V localization in vivo does not appear to be 
entirely specific for apoptosis. In the clinical setting, however, 
the ability of radiolabeled annexin V to noninvasively image 
both apoptosis and necrosis may prove useful in reducing the 
need for routine surveillance through endomyocardial biopsy 
after cardiac transplantation, which currently is the only 
reliable clinical means to diagnose acute transplant rejection 
(33, 34). Furthermore, radiolabeled annexin V imaging of the 
entire myocardium may provide diagnostic information supe- 
rior to endomyocardial biopsy, which necessarily can only 
sample a limited region within the right ventricle. 

These studies also demonstrate that radiolabeled annexin V 
imaging can detect an increase in PS exposure associated with 
apoptosis of implanted murine flank lymphomas after cyclos- 
phosphamide treatment. Estimates of the degree of cell death 
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during the first week of induction therapy using bone marrow 
aspirates has been shown to provide prognostic information in 
childhood leukemia (35, 36). Other investigators have shown a 
direct relationship between the degree of apoptotic cell death 
and subsequent tumor growth delay in murine models of 
lymphoma (37, 38). To date, the only noninvasive imaging 
method shown to detect apoptosis in vivo has been lipid proton 
NMR spectroscopy (5, 6). Lipid proton NMR spectroscopy, 
however, has inherent problems with magnetic susceptibility 
outside the central nervous system and has relatively low 
sensitivity. 

Kidneys in control animals have marked uptake of " m Tc 
HYNIC annexin V. The high renal concentration did not 
preclude the imaging of other major organs undergoing apo- 
ptosis. The cellular site of binding is uncertain, but preliminary 
autoradiography suggest the renal distribution of annexin V is 
cortical. The specific mechanism of renal cortical binding is 
uncertain but may relate to the intrinsic lipid profile of the 
kidney, in which there is a significantly higher concentration of 
PS in the cortex as compared with the papillary regions (39). 

The initial increase of 125 I-HSA hepatic uptake after anti- 
Fas treatment is most likely caused by an expanded extracel- 
lular fluid volume from the early breakdown of hepatic 
endothelial cells as described by Lacronique et al (27) and is 
confirmed by an increased hepatic weight of these treated 
animals. The initial increase of 125 I-HSA hepatic uptake, which 
subsequently remained unchanged, is in marked contrast to the 
progressive rise of radiolabeled annexin V hepatic uptake, 
which was specific for increasing numbers of apoptotic hepa- 
tocytes. 

In summary, this study demonstrates the utility of 99m Tc- 
radiolabeled annexin V for in vivo imaging of PS expression 
associated with apoptosis. Serial noninvasive assessments of 
PS externalization with radiolabeled annexin V may provide a 
more sensitive and rapid means of monitoring disease pro- 
gression, determining treatment efficacy, and diagnosing a 
number of human disorders than is currently possible in the 
clinical setting. 
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Abstract. Apoptosis, also known as programmed cell 
death, is an indispensable component of normal human 
growth and development, immunoregulation and homeo- 
stasis. Apoptosis is nature's primary opponent of cell 
proliferation and growth. Strict coordination of these two 
phenomena is essential not only in normal physiology 
and regulation but in the prevention of disease. Pro- 
grammed cell death causes susceptible cells to undergo a 
series of stereotypical enzymatic and morphologic 
changes governed by ubiquitous endogenous biologic 
machinery encoded by the human genome. Many of 
these changes can be readily exploited to create macro- 
scopic images using existing technologies such as lipid 
proton magnetic resonance (MR) spectroscopy, diffu- 
sion-weighted MR imaging and radionuclide receptor 
imaging with radiolabeled annexin V. In this review the 
cellular phenomenon of apoptotic cell death and the im- 
aging methods which can detect the process in vitro and 
in vivo are first discussed. Thereafter an outline is pro- 
vided of the role of apoptosis in the pathophysiology of 
clinical disorders including stroke, neurodegenerative 
diseases, pulmonary inflammatory diseases, myocardial 
ischemia and inflammation, myelodysplastic disorders, 
organ transplantation, and oncology, in which imagine 
may play a critical role in diagnosis and patient manage- 
ment. Objective imaging markers of apoptosis may soon 
become measures of therapeutic success or failure in 
both current and future treatment paradigms. Since apop- 
tosis is a major factor in many diseases, quantification 
and monitoring the process could become important in 
clinical decision making. 
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Introduction 

What is apoptosis? 

In the yin and yang of existence, it is no surprise that na- 
ture has arranged for the orderly demise of cells that 
have completed their useful function. The programmed 
disappearance of cells, apoptosis. occurs under both 
physiologic and pathologic circumstances. Two exam- 
ples of physiologic programmed cell death are the disap- 
pearance of cells when growth factor stimuli are with- 
drawn (an integral component of the menstrual cycle) 
and the deletion of activated immune cells when cells 
have completed their assigned task. 

When apoptosis is dysregulated. i.e.. there is too little 
or too much programmed cell death, disease often ensues 
[1-6]. Diseases associated with excessive apoptosis in- 
clude AIDS, neurodegenerative disorders (Alzheimer's 
disease), myelodysplastic syndromes (aplastic anemia, 
thalassemia), ischemia/reperfusion injury, progression of 
heart failure in cardiomyopathies, viral infections 
(chronic hepatitis), toxin-induced liver disease, organ 
transplant rejection, graft versus host disease, and adult 
respiratory distress syndrome (particularly when associ- 
ated with toxic shock). Diseases associated with too little 
apoptosis include cancer and autoimmune disorders. 
Successful treatment of neoplasms with drugs or radia- 
tion induces apoptosis in the lesion. 

Apoptosis is defined as "the dropping of a petal or 
leaf from a flower or tree" Kerr et al. [7] originally 
coined this term to define the series of morphologic 
changes in adrenal tissue when ACTH is withdrawn. The 
withdrawal of ACTH causes adrenal cells to fragment in- 
to small, variably sized vesicles (apoptotic bodies). 
Neighboring cells or phagocytes then ingest the apoptot- 
ic bodies, resulting in the disappearance of the cell with- 
out an inflammatory response. The outcome of this pro- 
cess is the controlled removal of senescent, unwanted, or 
deleterious cells without inciting an inflammatory reac- 
tion that might damage adjacent healthy cells and extra- 
cellular matrix (Fig. 1). The process of orderly cell auto- 
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Fig. 1. Sequence f morpho- 
logic changes in apoptosis. Ini- 
tially (upper panel) the cell is 
normal. Following the initia- 
tion of apoptosis, chromatin 
clumping and cytoplasmic con- 
densation occur (middle panel). 
In the late phase of apoptosis 
(bottom panel) the cell begins 
to form apoptotic bodies and 
DNA is fragmented with for- 
mation for DNA laddering (as 
indicated on gel electrophore- 
sis) 
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fragmentation is governed by a cascade of enzymatic ac- 
tivity. Although the original observation suggested that 
apoptosis is caused by a withdrawal of growth factors, it 
is now known that a wide array of exogenous or endoge- 
nous stimuli [8-12] can trigger the process. 



Mechanism of apoptosis 

Apoptosis is initiated when there is a disturbance in the 
local environment of the cell. Cells are constantly bathed 
in a sea of life-reinforcing stimuli, such as growth fac- 
tors, and death signals such as tumor necrosis factor. A 
shift in the balance of these factors with either a decrease 
in survival factors or a marked increase in death signals 
can initiate apoptosis. Withdrawal of growth factors, se- 
vere mitochondrial damage, attempting mitosis in the 
presence of irreparable DNA damage, activation of cel- 
lular Fas receptors by Fas Iigand expressed on activated 
lymphocytes, hypoxia, heat, cold, chemical injury (che- 
motherapy), or significant doses of ionizing radiation 
(causing DNA injury) can result in apoptosis. 

Once apoptosis has been triggered, one of several en- 
zymatic cascades is initiated to achieve the orderly de- 
struction of DNA and the dissolution of other cellular el- 
ements. A major pathway involves a group of cysteine 
proteases, the "caspases". Caspase activation precedes 
morphologic changes. At the time of caspase activation, 
cells destined for apoptosis appear to signal their neigh- 
bors by expressing phosphatidylserine (PS) on the cell 
surface [13]. PS, along with phosphatidylethanolamine 
sphingomyelin, and phosphatidylcholine, is a normal 
constituent of the cell membrane. In contrast to the other 
cell membrane constituents, PS is restricted to the inner 
leaflet of the cell membrane. This constraint on PS dis- 
tribution is the result of two enzymes, translocase and 



floppase. which actively pump PS to the inner leaflet and 
the other lipids out. Activation of caspase is associated 
with inactivation of these membrane pumps, and activa- 
tion of an enzyme, scramblase. which equilibrates the 
membrane lipids on the inner and outer leaflet of the cell 
membrane - resulting in the rapid appearance of PS on 
the outer leaflet of the membrane [14. 15]. Once the 
caspases are activated and PS is expressed, the execution 
phase of apoptosis occurs. Cellular cytoplasm condenses 
nuclear DNA is degraded into 180-kDa pieces and the 
cell fragments into membrane-covered pieces (each ex- 
pressing PS on the surface) for phagocytosis [16] (Fig. 1 
"Late Apoptosis". bottom panel). " 

Methods to image apoptosis in vivo 

Annexin V 

Annexin V [17, 18] is an endogenous human protein 
which binds to membrane-bound PS with an affinity of 
about 10-" M. Annexin V. labeled with fluorescein dye 
has been used to detect PS expression in studies of apop- 
tosis in hematopoietic cell lines, neurons, fibroblasts en- 
dothelial cells, smooth muscle cells, carcinomas, 
lymphomas, and all embryonic cell types, as well as non- 
mammalian plant and insect cells [19]. Annexin V has 
also been radiolabeled by iodination and coupling to 
linker molecules such as a diamide dimercaptide (N,S 2 ) 
[20] or hydrazino nicotinamide [20]. The universality of 
annexin V binding to various cell lines is due to the com- 
position of the phosphoserine head group of PS (the site 
of annexin V binding), which is identical in all multicel- 
lular organisms. In vitro cell binding studies demonstrate 
a 20-fold increase in annexin concentration in cells un- 
dergoing apoptosis compared with control cells. 
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Table L The biodistribution of 
annexin V in rats 




A) 9c LDJorgan* 
Brain 

Lungs 

Heart 

Liver 

Spleen 

Kidneys 

Stomach 

B) % LDJgram* 
Small intestine 
Colon 

Skeletal muse. 
Bone marrow 
Blood 



0.0681 ±0.0202 

2.611+0.367 

0.372+0.0726 

20.8+1.179 
4.64±0.459 

29.2±6.05 
0.25+0.056 



0.144±0.066 

0.082±0.066 

0.035+0.009 

2.13+0.52 

1.38±0.34 



0.0197+0.0035 
1.558±0.191 
0.150±0.048 
15.8+2.67 
4.08± 1.089 
33.5±8.02 
0.376+0.038 

0.114+0.048 

0.054±0.013 

0.024±0.007 

1.55±0.72 

0.306±0.098 



0.0149+0.003 

I.000±0.30 

0.135±0.033 

21.6+4.12 
4.75+1.22 

45.6+5.48 
0.51+0.165 

0.128±0.059 

0.052±0.014 

0.026+0.008 

2.083±0.57 

0.215±0.090 



0.0093+0.0009 
0.821±0.085 
0.134*0.0165 
17.97+1.36 
4.12+0.571 
47.4±2.90 
0.38+0.138 

0.129+0.011 

0.082+0.039 

0.022±0.002 

1.98+0.374 

0.107±0.013 



30 1 1 Z en0T tU, ^" d ° rgan Samp,eS fr0m COntro1 Sprague-Dawlev rats 10 min 

30 rmn. 1 h and 3 h after injection of 25 „g/kg of ^Tc-HYNIC-annexin V fsOO^OO M Ci/animal) 

it d ,T g ■ ; Tc " tn H Cine CO t gme meth0d injCCted via tail S ^P^s were we'gneTind 
placed in 3-ml tubes and counted 

» Mean percentage of injected dose (9H.D.) per organ (<7r I.DVorgan) 
Mean percentage of injected dose per gram of tissue (<7oI.D./g) 



Tait and colleagues utilized radiolabeled annexin V to 
detect increased PS expression which occurs when plate- 
lets are activated in acute thrombosis [21]. Blankenberg 
and colleagues utilized radiolabeled annexin to detect 
apoptosis in vivo in animal models of transplant rejec- 
tion, hypoxic cerebral injury, tumor therapy and Fas in- 
duced apoptosis [22, 23]. 

Following intravenous administration of radiolabeled 
annexin V, the agent is cleared from the blood with a 
half-time of less than 5 min. and is concentrated primari- 
ly in the kidneys and to a lesser degree in the liver. A 
summary of annexin biodistribution in rodents is pre- 
sented in Table 1. Apoptosis induced by stimulation of 
the Fas/Fas ligand system, transplant rejection, or che- 
motherapy in tumor-bearing animals has been visualized 
with technetium-99m labeled annexin imaging. 

The minimal cell mass required for successful detec- 
tion of apoptosis by in vivo imaging is not known. How- 
ever, in studies of heart transplant rejection by Vriens et 
al„ histologic evidence of apoptosis was present in 
<10% of cells at the time when annexin imaeing demon- 
strated remarkable focal localization in the transplant 
(see later discussion of heart transplant rejection). It is 
likely that single-photon imaging will require significant 
apoptosis (in at least 10% of cells) to detect the" process 
m a small mass of tissue (-2-3 g). If the extent of the le- 
sion involves a larger mass of tissue, such as the major 
portion of an organ, less extensive apoptosis will be de- 
tectable. It is likely that the contrast of annexin images 
will be enhanced if the protein is labeled with fluorine- 
18 and data recorded with positron tomography. 

In addition to radionuclide imaging with radiolabeled 
annexin, other imaging modalities, such as magnetic res- 



onance (MR), have been utilized to detect apoptosis in- 
vivo. 



MR lipid spectroscopy and diffusion-weighted 
MR imaging 

Since 1982 numerous in vitro and in vivo MR studies 
have documented the presence of a narrow and intense 
resonance in the 1.3-ppm region of the lipid proton spec- 
tra from cultured tumor, embryonic, and stimulated lym- 
phocyte cell lines and solid, experimental and human tu- 
mors [24. 25]. Of note, this resonance has been found to 
increase in solid tumors following treatment and the in- 
duction of apoptotic cell death. A rise in the 1.3-ppm 
resonance has also been observed acutely after hypoxic- 
ischemic injury of the cerebrum [26] and cerebral diffuse 
axonal injury due to child abuse [27] and has been found 
to be of prognostic significance. This resonance has now 
been recognized as representing the methylene proton (- 
CH,-) of mobile neutral lipid fatty acid chains within the 
plasma membrane bilayer in vitro [23. 24] and cytoplas- 
mic vesicles in vivo [28. 29]. 

Coincident with the lipid rearrangements that permit 
both radiolabeled annexin V and proton lipid MR spec- 
troscopic imaging of apoptotic cells and tissues is the 
shrinkage of a cell's cytoplasmic volume. There is con- 
current increased cytoplasmic microviscosity and restric- 
tion of water motion [30]. This apoptotic phenomenon 
can be imaged by MR using diffusion weighted imaging 
(DWI), which tags and follows the motion (diffusion or 
ADC = the average diffusion coefficient) of individual 
water molecules [31]. The use of DWI to detect and 
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99m Tc-Annexin "Tc-DTPA 



Fig. 2. Hypoxic brain injury due to transient occlusion of the right 
middle cerebral artery. Seven hours following occlusion/reperfu- 
sion. pinhole vertex view images of the head in intact adult rats 
were obtained after injection of annexin (left panel) to identify ap- 
optosis and DTPA (right panel) to identify areas of blood-brain 
barrier breakdown. There is no loss of blood-brain barrier inteeri- 
ty. but annexin uptake is seen in the right hemisphere (arrow) fhe 
nose is oriented cephalad on images 



track apoptotic cell death in vivo is only beeinnine to be 
studied and its ultimate clinical applicability! particularly 
outside the nervous system, remains to be defined. 

The following sections describe some specific diseas- 
es where apoptosis is known to play a sienificant role 
and where imaging the process may be helpful in clinical 
decision making. 

Central nervous system 

Stroke 

Hypoxic-ischemic injury (HII) in adults (stroke, multi- 
mfarct dementia) with delayed loss of gray and white 
matter is due to apoptosis [32]. Blankenbere et al. [33] 
have shown that moderate to severe injury, without evi- 
dence of blood-brain barrier breakdown, is associated 
with remarkable focal radiolabeled annexin uptake in an 
adult rat model of ischemic/reperfusion hemispheric in- 
jury (Fig. 2). Because the actual cell loss in these pa- 
tients is gradual (delayed with respect to the insult) there 
may be a therapeutic window to inhibit (or reverse) early 
apoptosis with pharmacologic blockade. Imaging with 
radiolabeled annexin V may be helpful in addressing this 
clinical problem since annexin V has virtually no back- 
ground uptake in the brain. 



cular circular full-term and.preterm neonates mani- 
rest HII in a different fashion than adults [34 35] p re 
term infants tend to suffer watershed ischemic injury in a 
penyentncular distribution (periventricular leukomalacia 
or PVL) while term infants develop disease of their sub- 
cortical white matter. The delayed cell loss of these inju- 
res 's mediated by apoptosis [36]. In experimental ani- 
mals Tc-annexin imaging has clearly delineated these 
lesions in the absence of blood-brain barrier breakdown. 

Traditional imaging techniques do not provide the 
specificity needed to identify neonates at risk for devel- 
opment of cerebral palsy (which is usually diagnosed at 
2-3 years of age) who might benefit from these novel 
treatments in the first several days (or hours) of life Re- 
versible abnormalities seen by DWI MR associated with 
mild transient hemispheric HII resulted in multifocal re- 
gions of abnormal annexin V cerebral and cerebellar up- 
take in a neonatal rabbit model of global hypoxia [37] 
Histology of these neonatal rabbit brains demonstrated a 
correlation between radiolabeled annexin V uptake and 
subtle scattered ischemic changes in the hippocampus 
periventricular/subcortical white matter. In the future 
neonates who are the products of a difficult labor or de- 
livery could be assessed for suspected HII damage with 
annexin V imaging to identify patients who might bene- 
fit from therapy. 



AIDS dementia/Alzheimer's disease 

Neuronal and glial cell apoptosis also occurs in acquired 
immune deficiency syndrome, in encephalitis with or 
without AIDS-related dementia and in neurodegenera- 
tive disorders, such as Alzheimer's and Parkinson's dis- 
ease [38]. The gradual loss of white and gray matter in 
Alzheimer's disease is primarily due to apoptosis. Imag- 
ing with radiolabeled annexin V could be helpful in the 
diagnosis and therapeutic management of this diverse 
group of patients. 



Lung disease 



Ischemia/reperfusion injury in preterm/term infants 

HII in preterm infants is a major cause of cerebral palsy 
Because of the immaturity of the centrifugal cerebrovas- 



High-resolution computed tomography (HRCT) of the 
chest has enhanced the detection and characterization of 
disease processes affecting the interstitium of the lung 
[39]. Diseases such as idiopathic pulmonary fibrosis 
desquamative interstitial pneumonitis. Pneumocystis ca- 
rina pneumonia, lymphocytic interstitial pneumonia, fi- 
brosis in collagen vascular diseases, sarcoidosis, drug or 
allergic reactions, bronchiolitis obliterans, and bronchio- 
litis obliterans with organizing pneumonia [40] can be 
readily identified. These entities, however, all involve 
cell-mediated inflammation and activation of T lympho- 
C Jl% at least in the acute/subacute settings. Although 
HRCT provides characteristic images, often obviating 
the need for confirmatory lung biopsy, HRCT cannot 
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quantify the degree of inflammation. The degree of in- 
flammation is important to define the best management 
of the process. Without specific information about in- 
flammation, clinicians manage these patients with pul- 
monary function tests, bronchoalveolar lavage, and serial 
chest radiography. 

Radiolabeled annexin V imaging of the chest may be 
of value to quantify cell-mediated inflammation and ap- 
optosis in the lungs. In a rat model of cell-mediated June 
apoptosis, acute lung transplant rejection, radiolabeled 
annexin V localization was more sensitive than CT scan- 
ning in detecting the process. Other circumstances where 
apoptosis imaging may play a role include: adult respira- 
tory distress syndrome, which is in part induced by the 
release of tumor necrosis factor, a potent inducer of apo- 
ptotic alveolar cell death; bronchopulmonary dysplasia; 
neonates with pulmonary oxygen toxicity; cvstic fibro- 
sis; and asthma. In each case, the extent of apoptosis will 
indicate the effectiveness of therapy - if apoptosis is ex- 
tensive, therapy is not controlling the process. 



Heart 

Myocardial infarction and reperfusion injury 

Like the brain, cardiomyocytes undergo apoptosis in re- 
sponse to hypoxic-ischemic insults that are insufficient 
to induce frank necrosis [41] [e.g.. the peripheral (pen- 
umbral) regions of an infarct or following reperfusion of 
an infarct]. Interestingly, the heart also displays cytoplas- 
mic lipid droplets, the presence of which confers'a poor- 
er prognosis in animal models of myocardial ischemia 
[42]. It is clear that agents which selectively inhibit acti- 
vation of the apoptotic enzymatic cascade decrease the 
degree of "infarction" in both the heart and brain in re- 
sponse to an ischemic insult [43. 44]. Preliminary studies 
of myocardial annexin localization in rats with acute 
myocardial infarction suggest that apoptosis plays a ma- 
jor role in cell death following acute coronary occlusion 
(S. Hasegawa and T. Nishimura, personal communica- 
tion). 



Coronary disease and atherosclerosis 

Recent biochemical evidence strongly suggests that acti- 
vated monocytes/macrophages attracted by local vascu- 
lar endothelial damage and complement activation infil- 
trate the arterial vascular wall [45], With continued in- 
flammation there is deposition of lipid at the site of inju- 
ry, formation of foam cells (lipid-laden macrophages), 
and formation of an atheroma. Within the plaque there is 
significant apoptosis involving the monocytes and mac- 
rophages infiltrating the lesion, smooth muscle cells at 
the base of the lesion, and, in unstable plaque, the endo- 
thelial cells forming the cap of the plaque. This last 
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Fig. 3. Two rats with heterotopic hearts transplanted into the abdo- 
men, below the kidneys. One hour following injection of *>">Tc- 
annexin, anesthetized animals were placed prone on a high-resolu- 
tion parallel-hole collimator. Images of the syngeneic {left) and al- 
logeneic (right) transplants were recorded on the fourth day after 
transplant. The bright area in the mid abdomen is the transplant 
undergoing rejection/apoptosis in the allogeneic animal. Some an- 
nexin is seen in the baldder of both animals 



event is particularly dangerous as the apoptotic endothe- 
lial cells expressing PS on their surface serve as throm- 
bogenic foci. 

It is unclear whether external imaging with "mTc- 
annexin V will have sufficient resolution to define these 
lesions; however, if an intravascular probe were avail- 
able such lesions might be readily identified. An alterna- 
tive strategy may involve the use of radiolabeled MCP-1 
(monocyte chemotactic peptide), which has a molecular 
weight of approximately 13.000 [46]. MCP-1 selectively 
binds to "activated" macrophages and has shown prom- 
ise in detecting mononuclear infiltration in the subendo- 
thelial layers of mechanically traumatized arterial ves- 
sels. As activated monocytes/macrophages are intimately 
involved in chronic inflammation. MCP-1 may be useful 
as a marker of infectious or noninfectious granulomatous 
inflammation throughout the body [47]. 



Myocarditis/cardiomyopathies 

Apoptotic cell death plays a major role in viral and auto- 
immune myocarditis and nonischemic cardiomyopathies 
[7]. Acute transplant rejection is primarily an immune 
event mediated by alloreactive T lymphocytes. In a rat 
model of acute cardiac transplant rejection, serial imaging 
with 09m Tc-annexin V successfully detected rejection [48] 
with an accuracy exceeding that of TUNEL staining of 
biopsy specimens (Fig. 3). Furthermore, when immuno- 
suppressive therapy with cyclosporine was initiated, the 
decrease in rejection was mirrored by a marked decrease 
in 99m Tc-annexin localization (Fig. 4). In light of this ex- 
perience with transplant rejection, annexin V imaging 
may also be helpful in the detection of apoptosis due to 
virally induced cardiomyopathies or other autoimmune 
diseases that affect the heart such as systemic lupus ery- 
thematosus, rheumatic fever, and Kawasaki's disease. 
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Fig. 4. Annexin imaging in 
acute cardiac transplant rejec- 
tion before and after cyclospo- 
rine therapy. The four panels 
depict whole body images on 
days 1,4, 10, and 18 after 
transplantation (each image 
was recorded 1 h after ^Tc- 
annexin injection). On day 1 
there is no annexin imaging ev- 
idence of apoptosis. The image 
on day 4 demonstrates ""Tc- 
annexin localization in the 
transplanted heart. Treatment 
with cyclosporin commenced 
on day 5, and by day 10 the an- 
nexin localization has dimin- 
ished. By day 18, annexin lo- 
calization has declined further 
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DAY 
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DAY 
10 



Pre-Treatment 



Post-Treatment 



Fig. 5. Whole body posterior 
images in rats 1 h following tail 
vein injection of 1 mCi of ra- 
diolabeled annexin V before 
and after treatment with 100 
mg/kg of cyclophosphamide 
administered intraperitoneal ly 
to ablate the bone marrow. One 
day later the animals were im- 
aged. Control animals are 
shown in the top panels and 
rats that had received cyclo- 
phosphamide 8-72 h before an- 
nexin imaging are shown in the 
bottom panels. The vertebral 
and peripheral marrow show 
increased localization (350%) 
following cyclophosphamide- 
induced apoptosis 



Control 



if 




Bone marrow diseases 

P-thalassemia, sickle-cell disease, aplastic anemia (my- 
elofibrosis), parvoviral infection (and many other viral 
infections), autoimmune diseases, toxins, radiation, and 
chemotherapy cause significant apoptosis in the bone 
marrow [7]. Bone marrow aspiration is required to deter- 
mine the degree of disease involvement of the bone mar- 
row [49]. We have shown that cyclophosphamide (a po- 



tent bone marrow suppressive and antitumor agent) treat- 
ment of otherwise normal adult rats induces a marked in- 
crease in bone marrow uptake of annexin V as compared 
with controls (Fig. 5). Based on this experimental obser- 
vation, it is likely that ongoing apoptotic bone marrow 
disease processes such as aplastic anemia may be detect- 
ed with annexin imaging. 
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J intdis as s 

Autoimmune, crystal deposition^, and idiopathic arthro- 
path,es all appear to be intimately linked to apoptotic 
cell death of the synovial tissues [7]. Other than symp- 
tomatic improvement there are few objective measures 
with which to guide anti-inflammatory therapy. Efforts 
are underway to characterize and quantify the quality of 
hyaline cartilage using a number of MR techniques [50] 
Annexin V (and probably MCP-1) imaging may in fact 
provide an objective measure of disease severity and an- 
ti-inflammatory treatment response. Additionally the 
gradual loosening and failure of joint prostheses appears 
to be direcdy linked to the apoptotic cell death of macro- 
phages which are activated in response to foreign debris 
[51]. Annexin V imaging may be useful in the manage- 
ment of these patients as well. 
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Organ transplantation 

Annexin V can identify acute heart, lung, and liver trans- 
plant rejection in vivo [52]. The majority of transplant 
recipients, however, do not have acute graft rejection 
but instead suffer multiple clinically manifest and sub-' 
clinical episodes of rejection. A combination of smolder- 
ing inflammation and a low level of apoptosis are some 
of the key findings in chronic rejection. The inflamma- 
tion and apoptosis are primarily manifest as accelerated 
vascular disease (atherosclerosis) in the graft. Graft vas- 
culopathy is a process that occurs over years, character- 
ized by perivascular mononuclear cell infiltration and 
apoptotic cell death. The chronicity of the process may 
be associated with such a low level of apoptosis that the 
process cannot be detected by annexin V imaging 




Treated 
tumor in 
left thigh 

Fig 6. Annexin V detection of necrotic versus apoptotic tumor 
cell death ,n Hank tumors of mice following chemXrapv ™l 
Z"? demonstrated a Skater than 363* increase in 

left flank 38C13 murine B cell lymphoma annexin V uptake 20 h 
after treatment with 100 mg/kg of cyclophosphamide (i.p.) com- 
pared w,th untreated flank lymphoma (animal on right) 



One logy 

The degree of cytoreduction in response to antitumor 
treatment(s) directly correlates with overall disease re- 
sponse, disease-free interval, and ultimate survival in a 
number of malignancies [53]. Depending on the type of 
malignancy the only measures of cytoreduction are gross 
shrinkage or disappearance of tumor as seen by anatomi- 
cal imaging with ultrasound, CT or MR imaging. Re- 
cently, there has been a renewed interest in using proton 
lipid MR spectroscopy and DWI MR to assess the early 
treatment response of tumors [26-28]. Unfortunately 
these techniques cannot give information except for re- 
gional areas of tumor involvement, particularly during 
induction therapy, when patients can be quite ill. In addi- 
tion DWI MR detection of tumoral apoptosis relies on 
the observable shrinkage of the cell cytoplasm during tu- 
mor cell death. However, many tumors respond to che- 
motherapeutic agents which specifically attack DNA 
such as doxorubicin (adriamycin), by cell swelling, not 



cell shrinkage. Therefore. DWI MR may give misleading 
results in vivo. This cell swelling is due to a metabolic 
cell death initiated by massive activation of a normally 
quiescent nuclear enzyme called poly-ADP-ribose poly- 
merase (PARP or PARS) [54]. PARP is generally activat- 
ed in the later stages of apoptosis and helps induce frag- 
mentation of a ceirs DNA. Direct DNA damage by ion- 
izing radiation, or radical ion formation by agents such 
as doxorubicin or HII [55] in some circumstances can in- 
duce massive direct activation of PARP. Activated PARP 
utilizes NAD to form poly-ADP ribose polymers. To re- 
place lost NAD stores a cell utilizes ATP and if PARP 
activation is of sufficient intensity, virtually all ATP 

TTtd ' a n eU Wi " be rapidly de P' eted - A ce " dieted 
of ATP w,|| s.mply swell and lose membrane integrity 
(necrosis). In an experimental model of lymphoma treat- 
ed with cyclophosphamide, therapy-induced apoptosis is 
readily v.s.ble with 9 Mc-annexin V imaging (Fig 6) 
Despite these different mechanisms of cell death, annex- 
in V imaging will demonstrate the process because an- 
nexin V binds to cells expressing PS on the outer cell 
surface (apoptosis) or. alternatively, annexin can gain ac- 
cess to inner plasma membrane leaflet PS after the onset 
of irreversible membrane failure (PARP-mediated cell 
death). 
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Response Under 37 C.F.R. 1.116 ■ Expedited Procedure 

Examining Group 1652 

Certificate of Mailing 

I hereby certify that this correspondence is being deposited with the United States Postal Service as first class mail in an envelope addressed to: 
Mail Stop ^fp^^^P^nlsT^imm^ioner for Patents, P.O. Box 1450, Alexandria, VA 223 13-1450 on January 27, 2004 . 

Printed: ' Li^JMLDitt 1 

IN Tg^ UNITED STATES PATENT AND TRADEMARK OFFICE 
BEFORE THE BOARD OF PATENT APPEALS AND INTERFERENCES 

In re Application of: Yue et al. 

Title: INTRACELLULAR SIGNALING MOLECULES 

Serial No.: 10/018,170 Filing Date: December 11, 2001 

Examiner: Steadman, D Group Art Unit: 1652 

Mail Stop Appeal Brief-Patents 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

BRIEF ON APPEAL 

Sir: 

Further to the Notice of Appeal filed October 22, 2003, and received by the USPTO on 
October 27, 2003, herewith are three copies of Appellants' Brief on Appeal. Appellants hereby 
request a one-month extension of time in order to file this Brief. Authorized fees include the 
statutory fee of $1 10.00 for a one-month extension of time, as well as the $ 330.00 fee for the 
filing of this Brief. 

This is an appeal from the decision of the Examiner finally rejecting claims 205, 206, 
208, 209, 211-215, 217, 224-226, and 228-231 of the above-identified application. 

(1) REAL PARTY IN INTEREST 
-The above-identified application is assigned of record to Incyte Pharmaceuticals, Inc., 
(now Incyte Corporation, formerly known as Incyte Genomics, Inc. ) (Reel 012671, Frame 
0254) which is the real party in interest herein. 
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(2) RELATED APPEALS AND INTERFERENCES . 
Appellants, their legal representative and the assignee are not aware of any related 
appeals or interferences which will directly affect or be directly affected by or have a bearing on 
the Board's decision in the instant appeal. 

(3) STATUS OF THE CLAIMS 
Claims rejected: Claims 205, 206, 208, 209, 211-215, 217, 224-226, and 228-231 
Claims allowed: (none) 

Claims canceled: Claims 1-204, 207, 210, 216, 218, and 227 
Claims withdrawn: Claims 219-223 

Claims on Appeal: Claims 205, 206, 208, 209, 21 1-215, 217, 224-226, and 228-231 

(A copy of the claims on appeal, as amended, can be found in the 
attached Appendix). 

(4) STATUS OF AMENDMENTS AFTER FINAL 
The Amendment after Final Rejection under 37 C.F.R. §1.116 filed August 27, 2003 
has been entered for purposes of this appeal. See the Advisory Action, mailed December 
19, 2003, indicating the Amendment would be entered upon filing of an appeal. 

(5) SUMMARY OF THE INVENTION 
Appellants' invention is directed to polynucleotides and polypeptides, including 
polynucleotides, comprising the polynucleotide sequence of SEQ ED NO:64, encoding the human 
annexin (INTRA-12), comprising the amino acid sequence of SEQ ID NO: 12, and polypeptides 
comprising the amino acid sequence of SEQ ID NO: 12 (Specification, e.g., at page 7, line 18 
through page 8, line 2). Appellants' invention also includes complementary polynucleotides 
(e.g., at page 9, lines 1-6), recombinant polynucleotides encoding polypeptides comprising SEQ 
ID NO: 12 (e.g., at page 8, lines 9-12), host cells transformed with recombinant polynucleotides, 
and methods of making polypeptides encoded by the claimed polynucleotides (e.g., at page 8, 
lines 16-21, pages 31-36 and Example X at pages 67-68). In addition, Appellants' invention 
comprises polypeptides, including an isolated polypeptide comprising an amino acid sequence of 
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SEQ ID NO: 12 and compositions comprising a polypeptide comprising an amino acid sequence 
of SEQ ID NO: 12 and a pharmaceutically acceptable excipient (Specification, e.g., at page 9, 
lines 31-33). 

INTRA- 12 has chemical and structural homology to human annexin 31 (g3688370; 
Specification, e.g., Table 2). The polynucleotides and polypeptides of the present invention are 
useful, for example, for toxicology testing, drug discovery, and diagnosis, prevention, and 
treatment of cancer, immune disorders, neurological disorders, and gastrointestinal disorders. 

(6) ISSUES 

1. Whether claims 205, 206, 208, 209, 211-215, 217, 224-226, and 228-231 directed 
to INTRA polypeptide sequences and the polynucleotides that encode them meet the utility 
requirement of 35 U.S.C. §101. 

2. Whether one of ordinary skill in the art would know how to use the claimed 
sequences, e.g., in toxicology testing, drug development, and the diagnosis of disease, so as to 
satisfy the enablement requirement of 35 U.S.C. §112, first paragraph. 

(7) GROUPING OF THE CLAIMS 

As to Issue 1 

All of the claims on appeal are grouped together. 
As to Issue 2 

All of the claims on appeal are grouped together. 

(8) APPELLANTS' ARGUMENTS 

THE FINAL REJECTION 

Claims 205, 206, 208, 209, 211-215, 217, 224-226, and 228-231 stand rejected under 35 
U.S.C. §§ 101 and 112, first paragraph, based on the allegation that the claimed invention lacks 
patentable utility. The rejection alleges in particular that: 
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• the claimed invention is not supported by either a specific and substantial asserted 
utility or a well-established utility. The specification discloses no uses for the 
broadly-claimed polynucleotides and polypeptides. A specific utility is one that is 
particular to the subject matter claimed, while a substantial utility is one that 
defines a "real world" use. Utilities that require or constitute carrying out further 
research to identify or reasonably confirm a "real world" context of use are not 
substantial utilities. 

• there is no well-established, specific and substantial utility for the claimed 
polynucleotides and polypeptides because the function of the polypeptide of SEQ ID 
NO: 12 has not been empirically determined; therefore, further experimentation 
would be required to determine the function of the protein. 

• the specification does not disclose whether the polynucleotide of SEQ ID NO:64 is 
differentially expressed in different cells or tissues, and therefore the gene is not a 
disease marker or an appropriate target for drug discovery or toxicology testing. 

• the utility of the claimed polynucleotides in toxicology testing is not specific because 
if any polynucleotide expressed in a human has utility in toxicology testing, then 
that polynucleotide has no specific utility as all polynucleotides would have such use. 

Issue 1 - Whether the claims meet the utility requirement of 35 U.S.C. § 101 

The rejection of claims 205, 206, 208, 209, 211-215, 217, 224-226, and 228-231 is 
improper, as the inventions of those claims have a patentable utility as set forth in the 
instant specification, and/or a utility well known to one of ordinary skill in the art. 

The invention at issue is a polynucleotide sequence corresponding to a gene that is 
expressed in reproductive, gastrointestinal, and nervous system tissues (Specification at Table 3). 
The invention also comprises polypeptides encoded by the claimed polynucleotides. As such, the 
claimed invention has numerous practical, beneficial uses in toxicology testing, drug 
development, and the diagnosis of disease, none of which require knowledge of how the 
polypeptide actually functions. 
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The similarity of the claimed polypeptide to another polypeptide of known, undisputed 
utility by itself demonstrates utility beyond the reasonable probability required by law. INTRA- 
12 is, in that regard, homologous to human annexin 31 (g3688370) (Specification, e.g., at Table 
2). In particular, SEQ ID NO: 12 shares 98% sequence identity with annexin 31. 

This is more than enough homology to demonstrate a reasonable probability that the 
utility of annexin 31 receptor can be imputed to the claimed invention. It is well-known that the 
probability that two unrelated polypeptides share more than 40% sequence homology over 70 
amino acid residues is exceedingly small. Brenner et a/., Proc. Natl. Acad. Sci. U.S.A. 95:6073- 
78 (1998). Given homology in excess of 40% over many more than 70 amino acid residues, the 
probability that the claimed polypeptide is related to annexin 31 is, accordingly, very high. 

The fact that the claimed polypeptide is a member of the annexin family alone 
demonstrates utility. Each of the members of this class, regardless of their particular functions, 
are useful. There is no evidence that any member of this class of polypeptides, let alone a 
substantial number of them, would not have some patentable utility. It follows that there is a 
more than substantial likelihood that the claimed polypeptide also has patentable utility, 
regardless of its actual function. The law has never required a patentee to prove more. 

There is, in addition, direct proof of the utility of the claimed invention. Appellants 
submitted previously the Declarations of Bedilion and Furness describing some of the practical 
uses of the claimed invention in gene and protein expression monitoring applications as they 
would have been understood at the time of the patent application. 

The Bedilion Declaration describes, in particular, how the claimed expressed 

polynucleotide can be used in gene expression monitoring applications that were well-known at 

the time the patent application was filed, and how those applications are useful in developing 

drugs and monitoring their activity. Dr. Bedilion states that the claimed invention is a useful tool 

when employed as a highly specific probe in a cDNA microarray: 

Persons skilled in the art would appreciate that cDNA microarrays that contained the SEQ 
ID NO:12-encoding polynucleotides would be a more useful tool than cDNA microarrays 
that did not contain the polynucleotides in connection with conducting gene expression 
monitoring studies on proposed (of actual) drugs for treating cancer, immune disorders, 
neurological disorders, and gastrointestinal disorders for such purposes as evaluating their 
efficacy and toxicity. 
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The Patent Examiner does not dispute that the claimed polynucleotide can be used as a 
probe in cDNA microarrays and used in gene expression monitoring applications. Instead, the 
Patent Examiner contends that the claimed polynucleotide cannot be useful without precise 
knowledge of its biological function. But the law never has required knowledge of biological 
function to prove utility. It is the claimed invention's uses, not its functions, that are the subject 
of a proper analysis under the utility requirement. 

In any event, as demonstrated by the Bedilion Declaration, the person of ordinary skill in 
the art can achieve beneficial results from the claimed polynucleotide in the absence of any 
knowledge as to the precise function of the protein encoded by it. The uses of the claimed 
polynucleotide in gene expression monitoring applications are in fact independent of its precise 
function. 

The Furness Declaration describes, in particular, how the claimed polypeptide can be 
used in protein expression analysis techniques such as 2-D PAGE gels and western blots. Using 
the claimed invention with these techniques, persons of ordinary skill in the art can better assess, 
for example, the potential toxic affect of a drug candidate. (Furness Declaration at f [11]). 

The Patent Examiner does not dispute that the claimed polypeptide can be used in 2-D 
PAGE gels and western blots to perform drug toxicity testing. Instead, the Patent Examiner 
contends that the claimed polypeptide cannot be useful without precise knowledge of its 
function. But the law never has required knowledge of biological function to prove utility. It is 
the claimed invention's uses, not its functions, that are the subject of a proper analysis under the 
utility requirement. 

In any event, as demonstrated by the Furness Declaration, the person of ordinary skill in 
the art can achieve beneficial results from the claimed polypeptide in the absence of any 
knowledge as to the precise function of the protein. The uses of the claimed polypeptide for gene 
expression monitoring applications including toxicology testing are in fact independent of its 
precise function. 

I. The Applicable Legal Standard 

To meet the utility requirement of sections 101 and 1 12 of the Patent Act, the patent 
applicant need only show that the claimed invention is "practically useful," Anderson v. Nana, 
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480 F.2d 1392, 1397, 178 USPQ 458 (CCPA 1973) and confers a "specific benefit" on the 

public. Brenner v. Manson, 383 U.S. 519, 534-35, 148 USPQ 689 (1966). As discussed in a 

recent Court of Appeals for the Federal Circuit case, this threshold is not high: 

An invention is "useful" under section 101 if it is capable of providing some identifiable 
benefit. See Brenner v. Manson, 383 U.S. 519, 534 [148 USPQ 689] (1966); Brooktree 
Corp. v. Advanced Micro Devices, Inc., 977 F.2d 1555, 1571 [24 USPQ2d 1401] (Fed. 
Cir. 1992) ("to violate Section 101 the claimed device must be totally incapable of 
achieving a useful result"); Fuller v. Berger, 120 F. 274, 275 (7th Cir. 1903) (test for 
utility is whether invention "is incapable of serving any beneficial end"). 

Juicy Whip Inc. v. Orange Bang Inc., 51 USPQ2d 1700 (Fed. Cir. 1999). 

While an asserted utility must be described with specificity, the patent applicant need not 

demonstrate utility to a certainty. In Stiftung v. Renishaw PLC, 945 F.2d 1 173, 1 180, 

20 USPQ2d 1094 (Fed. Cir. 1991), the United States Court of Appeals for the Federal Circuit 

explained: 

An invention need not be the best or only way to accomplish a certain result, and it need 
only be useful to some extent and in certain applications: "[T]he fact that an invention has 
only limited utility and is only operable in certain applications is not grounds for finding 
lack of utility." Envirotech Corp. v. Al George, Inc., 730 F.2d 753, 762, 221 USPQ 473, 
480 (Fed. Cir. 1984). 

The specificity requirement is not, therefore, an onerous one. If the asserted utility is 
described so that a person of ordinary skill in the art would understand how to use the claimed 
invention, it is sufficiently specific. See Standard Oil Co. v. Montedison, S.p.a., 212 U.S.P.Q. 
327, 343 (3d Cir. 1981). The specificity requirement is met unless the asserted utility amounts to 
a "nebulous expression" such as "biological activity" or "biological properties" that does not 
convey meaningful information about the utility of what is being claimed. Cross v. lizuka, 
753 F.2d 1040, 1048 (Fed. Cir. 1985). 

In addition to conferring a specific benefit on the public, the benefit must also be 
"substantial." Brenner, 383 U.S. at 534. A "substantial" utility is a practical, "real-world" 
utility. Nelson v. Bowler, 626 F.2d 853, 856, 206 USPQ 881 (CCPA 1980). 

If persons of ordinary skill in the art would understand that there is a "well-established" 
utility for the claimed invention, the threshold is met automatically and the applicant need not 
make any showing to demonstrate utility. Manual of Patent Examination Procedure at 
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§ 706.03(a). Only if there is no "well-established" utility for the claimed invention must the 
applicant demonstrate the practical benefits of the invention. Id. 

Once the patent applicant identifies a specific utility, the claimed invention is presumed 
to possess it. In re Cortright, 165 F.3d 1353, 1357, 49 USPQ2d 1464 (Fed. Cir. 1999); In re 
Brana, 51 F.3d 1560, 1566; 34 USPQ2d 1436 (Fed. Cir. 1995). In that case, the Patent Office 
bears the burden of demonstrating that a person of ordinary skill in the art would reasonably 
doubt that the asserted utility could be achieved by the claimed invention. Id. To do so, the 
Patent Office must provide evidence or sound scientific reasoning. See In re hanger, 503 F.2d 
1380, 1391-92, 183 USPQ 288 (CCPA 1974). If and only if the Patent Office makes such a 
showing, the burden shifts to the applicant to provide rebuttal evidence that would convince the 
person of ordinary skill that there is sufficient proof of utility. Brana, 51 F.3d at 1566. The 
applicant need only prove a "substantial likelihood" of utility; certainty is not required. Brenner, 
383 U.S. at 532. 

II. Uses of the claimed polypeptides and polynucleotides for diagnosis of conditions and 
disorders characterized by expression of INTRA, for toxicology testing, and for 
drug discovery are sufficient utilities under 35 U.S.C. §§ 101 and 112, first 
paragraph 

The claimed invention meets all of the necessary requirements for establishing a credible 
utility under the Patent Law: There are "well-established" uses for the claimed invention known 
to persons of ordinary skill in the art, and there are specific practical and beneficial uses for the 
invention disclosed in the patent application's specification. These uses are explained, in detail, 
in the Bedilion Declaration and the Furness Declaration accompanying this brief. Objective 
evidence, not considered by the Patent Office, further corroborates the credibility of the asserted 
utilities. 
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A. The use of INTRA for toxicology testing, drug discovery, and disease 
diagnosis are practical uses that confer "specific benefits" to the public 

The claimed invention has specific, substantial, real-world utility by virtue of its use in 
toxicology testing, drug development and disease diagnosis through gene expression profiling. 
These uses are explained in detail in the accompanying Bedilion Declaration and Furness 
Declaration, the substance of which is not rebutted by the Patent Examiner. There is no dispute 
that the claimed polynucleotide is-in fact a useful tool in cDNA microarrays used to perform gene 
expression analysis and that the claimed polypeptide is a useful tool in two-dimensional 
pol y aery 1 amide gel electrophoresis ("2-D PAGE") analysis and western blots used to monitor 
protein expression and assess drug toxicity. These uses are sufficient to establish utilities for the 
claimed polynucleotide and polypeptide, respectively. 

The instant application claims priority to United States Provisional Patent Application 
Serial No. 60/139,566 filed on June 16, 1999 (hereinafter "the Yue '566 application"). 

1. The Bedilion Declaration 

In his Declaration, Dr. Bedilion explains the many reasons why a person skilled in the art 
reading the Yue '566 application on June 16, 1999 would have understood that application to 
disclose the claimed polynucleotide to be useful for a number of gene expression monitoring 
applications, e.g., as a highly specific probe for the expression of that specific polynucleotide in 
connection with the development of drugs and the monitoring of the activity of such drugs. 
(Bedilion Declaration at, e.g., 10-15). Much, but not all, of Dr. Bedilion's explanation 
concerns the use of the claimed polynucleotide in cDNA microarrays of the type first developed 
at Stanford University for evaluating the efficacy and toxicity of drugs, as well as for other 
applications. (Bedilion Declaration, f|[ 12 and 15). 1 

In connection with his explanations, Dr. Bedilion states that the "Yue '566 specification 
would have led a person skilled in the art on June 16, 1999 who was using gene expression 



! Dr. Bedilion also explained, for example, why persons skilled in the art would also 
appreciate, based on the Yue '566 specification, that the claimed polynucleotide would be useful 
in connection with developing new drugs using technology, such as Northern analysis, that 
predated by many years the development of the cDNA technology (Bedilion Declaration, f 16). 
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monitoring in connection with working on developing new drugs for the treatment of cancer, 
immune disorders, neurological disorders, and gastrointestinal disorders [a] to conclude that a 
cDNA microarray that contained the SEQ ID NO:12-encoding polynucleotides would be a 
highly useful tool, and [b] to request specifically that any cDNA microarray that was being used 
for such purposes contain the SEQ ID NO:12-encoding polynucleotides" (Bedilion Declaration, 
f 15 ). For example, as explained by Dr. Bedilion, "[p]ersons skilled in the art would [have 
appreciated on June 16, 1999] that a cDNA microarray that contained the SEQ ID NO: 12- 
encoding polynucleotides would be a more useful tool than a cDNA microarray that did not 
contain the polynucleotides in connection with conducting gene expression monitoring studies on 
proposed (or actual) drugs for treating cancer, immune disorders, neurological disorders, and 
gastrointestinal disorders for such purposes as evaluating their efficacy and toxicity." Id. 

In support of those statements, Dr. Bedilion provided detailed explanations of how cDNA 
technology can be used to conduct gene expression monitoring evaluations, with extensive 
citations to pre-June 16, 1999 publications showing the state of the art on June 16, 1999. 
(Bedilion Declaration, f f 10-14). While Dr. Bedilion's explanations in paragraph 15 of his 
Declaration include almost three pages of text and six subparts (a)-(f), he specifically states that 
his explanations are not "all-inclusive." Id For example, with respect to toxicity evaluations, 
Dr. Bedilion had earlier explained how persons skilled in the art who were working on drug 
development on June 16, 1999 (and for several years prior to June 16, 1999) "without any doubt" 
appreciated that the toxicity (or lack of toxicity) of any proposed drug was "one of the most 
important criteria to be evaluated in connection with the development of the drug" and how the 
teachings of the Yue '566 application clearly include using differential gene expression analyses 
in toxicity studies (Bedilion Declaration, f 10). 

Thus, the Bedilion Declaration establishes that persons skilled in the art reading the Yue 
'566 application at the time it was filed "would have wanted their cDNA microarray to have a 
[SEQ ID NO:12-encoding polynucleotide probe] because a microarray that contained such a 
probe (as compared to one that did not) would provide more useful results in the kind of gene 
expression monitoring studies using cDNA microarrays that persons skilled in the art have been 
doing since well prior to June 16, 1999" (Bedilion Declaration, <J[ 15, item (f)). This, by itself, 
provides more than sufficient reason to compel the conclusion that the Yue '566 application 
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disclosed to persons skilled in the art at the time of its filing substantial, specific and credible 
real-world utilities for the claimed polynucleotide. 

Nowhere does the Patent Examiner address the fact that, as described on pp. 33-34 of the 
Yue '566 application, the claimed polynucleotides can be used as highly specific probes in, for 
example, cDNA microarrays - probes that without question can be used to measure both the 
existence and amount of complementary RNA sequences known to be the expression products of 
"the claimedpolyri^ that regard,~some raridoni"sequence 

whose value as a probe is speculative or would require further research to determine. 

Given the fact that the claimed polynucleotide is known to be expressed, its utility as a 
measuring and analyzing instrument for expression levels is as indisputable as a scaled utility for 
measuring weight. This use as a measuring tool, regardless of how the expression level data 
ultimately would be used by a person of ordinary skill in the art, by itself demonstrates that the 
claimed invention provides an identifiable, real-world benefit that meets the utility requirement. 
Raytheon v. Roper, 724 F.2d 951, (Fed. Cir. 1983) (claimed invention need only meet one of its 
stated objectives to be useful); In re Cortwright, 165 F.3d 1353, 1359 (Fed. Cir. 1999) (how the 
invention works is irrelevant to utility); MPEP § 2107 ("Many research tools such as gas 
chromatographs, screening assays, and nucleotide sequencing techniques have a clear, specific, 
and unquestionable utility (e.g., they are useful in analyzing compounds )" (emphasis added)). 

Though Applicants need not so prove to demonstrate utility, there can be no reasonable 
dispute that persons of ordinary skill in the art have numerous uses for information about relative 
gene expression including, for example, understanding the effects of a potential drug for treating 
cancer, immune disorders, neurological disorders, and gastrointestinal disorders. Because the 
patent application states explicitly that the claimed polynucleotide is known to be expressed in 
reproductive, gastrointestinal, and nervous system tissues and in tissues associated with cancer 
and inflammation (see the Yue '566 application at Table 3), and expresses a protein that is a 
member of the annexin family known to be associated with diseases such as cancer, immune 
disorders, neurological disorders, and gastrointestinal disorders, there can be no reasonable 
dispute that a person of ordinary skill in the art could put the claimed invention to such use. In 
other words, the person of ordinary skill in the art can derive more information about a potential 
cancer, immune disorders, neurological disorders, and gastrointestinal disorders drug candidate 
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or potential toxin with the claimed invention than without it (see Bedilion Declaration at, e.g., 
f 15, subparts (e)-(f)). 

The Bedilion Declaration shows that a number of pre-June 16, 1999 publications confirm 

and further establish the utility of cDNA microarrays in a wide range of drug development gene 

expression monitoring applications at the time the Yue '566 application was filed (Bedilion 

Declaration ff 10-14; Bedilion Exhibits A-G). Indeed, Brown and Shalon U.S. Patent No. 

5~807,522~(the Brown '522 patent" Bedilion 'Exhibit D)7wRiclfissued Tronfapatent application 

filed in June 1995 and was effectively published on December 29, 1995 as a result of the 

publication of a PCT counterpart application, shows that the Patent Office recognizes the 

patentable utility of the cDNA technology developed in the early to mid-1990s. As explained by 

Dr. Bedilion, among other things (Bedilion Declaration, f 12): 

The Brown '522 patent further teaches that the "[m]icroarrays of immobilized 
nucleic acid sequences prepared in accordance with the invention" can be used in 
"numerous" genetic applications, including "monitoring of gene expression" 
applications (see Bedilion Tab D at col. 14, lines 36-42). The Brown '522 patent 
teaches (a) monitoring gene expression (i) in different tissue types, (ii) in different 
disease states, and (iii) in response to different drugs, and (b) that arrays disclosed 
therein may be used in toxicology studies (see Bedilion Tab D at col. 15, lines 13- 
18 and 52-58 and col. 18, lines 25-30). 

Literature reviews published shortly after the filing of the Yue '566 application describing 

the state of the art further confirm the claimed invention's utility. Rockett et al. confirm, for 

example, that the claimed invention is useful for differential expression analysis regardless of 

how expression is regulated: 

Despite the development of multiple technological advances which have recently 
brought the field of gene expression profiling to the forefront of molecular 
analysis, recognition of the importance of differential gene expression and 
characterization of differentially expressed genes has existed for many years. 

# * * 

Although differential expression technologies are applicable to a broad range of 
models, perhaps their most important advantage is that, in most cases, absolutely 
no prior knowledge of the specific genes which are up- or down-regulated is 
required. 

* # * 
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Whereas it would be informative to know the identity and functionality of all 
genes up/down regulated by . . . toxicants, this would appear a longer term goal 
.... However, the current use of gene profiling yields a pattern of gene changes 
for a xenobiotic of unknown toxicity which may be matched to that of well 
characterized toxins, thus alerting the toxicologist to possible in vivo similarities 
between the unknown and the standard, thereby providing a platform for more 
extensive toxicological examination, (emphasis added) 

Rockett et al., Differential gene expression in drug metabolism and toxicology: practicalities. 

problems and potential 29 Xenobiotica No. 7, 655 (1999). 

In another pre-June 16, 1999 article, Lashkari et al. state explicitly that sequences that are 

merely "predicted" to be expressed (predicted Open Reading Frames, or ORFs) - the claimed 

invention in fact is known to be expressed - have numerous uses: 

Efforts have been directed toward the amplification of each predicted ORF or any 
other region of the genome ranging from a few base pairs to several kilobase 
pairs. There are many uses for these amplicons- they can be cloned into standard 
vectors or specialized expression vectors, or can be cloned into other specialized 
vectors such as those used for two-hybrid analysis. The amplicons can also be 
used directly by, for example, arraying onto glass for expression analysis , for 
DNA binding assays, or for any direct DNA assay. 

Lashkari et al., Whole genome analysis: Experimental access to all genome sequenced segments 
through larger-scale efficient oligonucleotide synthesis and PCR , 94 Proc. Nat. Acad. Sci. 8945 
(Aug. 1997) (emphasis added). 

In his Declaration, Mr. Furness explains the many reasons why a person skilled in the art who 
read the Yue '566 application on June 16, 1999 would have understood that application to 
disclose the claimed polypeptide to be useful for a number of gene and protein expression 
monitoring applications, e.g., in 2-D PAGE technologies, in connection with the development of 
drugs and the monitoring of the activity of such drugs. (Furness Declaration at, e.g., fj 10-14). 
Much, but not all, of Mr. Furness' explanation concerns the use of the claimed polypeptide in the 
creation of protein expression maps using 2-D PAGE. 

2-D PAGE technologies were developed during the 1980's. Since the early 1990's, 2-D 
PAGE has been used to create maps showing the differential expression of proteins in different 
cell types or in similar cell types in response to drugs and potential toxic agents. Each expression 
pattern reveals the state of a tissue or cell type in its given environment, e.g., in the presence or 
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absence of a drug. By comparing a map of cells treated with a potential drug candidate to a map 
of cells not treated with the candidate, for example, the potential toxicity of a drug can be 
assessed. (Furness Declaration at f 10.) 

The claimed invention makes 2-D PAGE analysis a more powerful tool for toxicology 
and drug efficacy testing. A person of ordinary skill in the art can derive more information about 
the state or states or tissue or cell samples from 2-D PAGE analysis with the claimed invention 
tfiaifwithdut it "As Mr. Furness explains: 

In view of the Yue '566 application, the Wilkins article, and other related pre- 
June 1999 publications, persons skilled in the art on June 16, 1999 clearly would 
have understood the Yue '566 application to disclose the SEQ ID NO: 12 
polypeptide to be useful in 2-D PAGE analyses for the development of new drugs 
and monitoring the activities of drugs for such purposes as evaluating their 
efficacy and toxicity .... (Furness Declaration, 110) 

Persons skilled in the art would appreciate that a 2-D PAGE map that utilized the 
SEQ ID NO: 12 polypeptide sequence would be a more useful tool than a 2-D 
PAGE map that did not utilize this protein sequence in connection with 
conducting protein expression monitoring studies on proposed (or actual) drugs 
for treating cancer, immune disorders, neurological disorders, and gastrointestinal 
disorders for such purposes as evaluating their efficacy and toxicity. (Furness 
Declaration, 112) 

Mr. Furness' observations are confirmed in the literature published before the filing of the 
patent application. Wilkins, for example, describes how 2-D gels are used to define proteins 
present in various tissues and measure their levels of expression, the data from which is in turn 
used in databases: 

For proteome projects, the aim of [computer-aided 2-D PAGE] analysis ... is to 
catalogue all spots from the 2-D gel in a qualitative and if possible quantitative 
manner, so as to define the number of proteins present and their levels of 
expression. Reference gel images, constructed from one or more gels, for the 
basis of two-dimensional gel databases. (Wilkins, Tab C, p. 26). 
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B. The use of polynucleotides and polypetides expressed by humans as tools for 
toxicology testing, drug discovery, and the diagnosis of disease is now "well- 
established" 

The technologies made possible by expression profiling using polynucleotides and 
polypeptides are now well-established. The technical literature recognizes not only the 
prevalence of these technologies, but also their unprecedented advantages in drug development, 
-testing and safety assessment. These technologies include toxicology testing, as described by 
Bedilion and Furness in their Declarations. 

Toxicology testing is now standard practice in the pharmaceutical industry. See, e.g., 

John C. Rockett et al., supra: 

Knowledge of toxin-dependent regulation in target tissues is not solely an academic 
pursuit as much interest has been generated in the pharmaceutical industry to harness this 
technology in the early identification of toxic drug candidates, thereby shortening the 
developmental process and contributing substantially to the safety assessment of new 
drugs. 

To the same effect are several other scientific publications, including Emile F. Nuwaysir et al., 

Microarravs and Toxicology: The Advent of Toxicogenomics , 24 Molecular Carcinogenesis 153 

(1999); Sandra Steiner and N. Leigh Anderson, Expression profiling in toxicology - potentials 

and limitations , 1 12-13 Toxicology Letters 467 (2000). 

Nucleic acids useful for measuring the expression of whole classes of genes are routinely 

incorporated for use in toxicology testing. Nuwaysir et al. describes, for example, a Human 

ToxChip comprising 2089 human clones, which were selected 

for their well-documented involvement in basic cellular processes as well as their 
responses to different types of toxic insult. Included on this list are DNA replication and 
repair genes, apoptosis genes, and genes responsive to PAHs and dioxin-like compounds, 
peroxisome proliferators, estrogenic compounds, and oxidant stress. Some of the other 
categories of genes include transcription factors, oncogenes, tumor suppressor genes, 
cyclins, kinases, phosphatases, cell adhesion and motility genes, and homeobox genes. 
Also included in this group are 84 housekeeping genes, whose hybridization intensity is 
averaged and used for signal normalization of the other genes on the chip. 

See also Table 1 of Nuwaysir et al. (listing additional classes of genes deemed to be of special 

interest in making a human toxicology microarray). 



118062 



15 



10/018,170 



Docket No.: PF-0733 USN 



The more genes that are available for use in toxicology testing, the more powerful the 
technique. "Arrays are at their most powerful when they contain the entire genome of the species 
they are being used to study." John C. Rockett and David J. Dix, Application of DNA Arrays to 
Toxicology , 107 Environ. Health Perspec.681, No. 8 (1999). Control genes are carefully selected 
for their stability across a large set of array experiments in order to best study the effect of 
toxicological compounds. See attached email from the primary investigator on the Nuwaysir 
paper, Dr. Cynthia Afshari, to an Incyte employee, dated July 3, 2000, as well as the original 
message to which she was responding, indicating that even the expression of carefully selected 
control genes can be altered. Thus, there is no expressed gene which is irrelevant to screening 
for toxicological effects, and all expressed genes have a utility for toxicological screening. 

In fact, the potential benefit to the public, in terms of lives saved and reduced health care 
costs, are enormous. Recent developments provide evidence that the benefits of this information 
are already beginning to manifest themselves. Examples include the following: 

• In 1999, CV Therapeutics, an Incyte collaborator, was able to use Incyte gene 
expression technology, information about the structure of a known transporter 
gene, and chromosomal mapping location, to identify the key gene associated with 
Tangiers disease. This discovery took place over a matter of only a few weeks, 
due to the power of these new genomics technologies. The discovery received an 
award from the American Heart Association as one of the top 10 discoveries 
associated with heart disease research in 1999. 

• In an April 9, 2000, article published by the Bloomberg news service, an Incyte 
customer stated that it had reduced the time associated with target discovery and 
validation from 36 months to 18 months, through use of Incyte's genomic 
information database. Other Incyte customers have privately reported similar 
experiences. The implications of this significant saving of time and expense for 
the number of drugs that may be developed and their cost are obvious. 

In a February 10, 2000, article in the Wall Street Journal, one Incyte customer 
stated that over 50 percent of the drug targets in its current pipeline were derived 
from the Incyte database. Other Incyte customers have privately reported similar 
experiences. By doubling the number of targets available to pharmaceutical 
researchers, Incyte genomic information has demonstrably accelerated the 
development of new drugs. 
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C The similarity of the claimed polypeptide to another of undisputed utility 
demonstrates utility 

Because there is a substantial likelihood that the claimed INTRA-12 is functionally 
related to annexin 31 and pemphaxin, a polypeptide of undisputed utility, there is by implication 
a substantial likelihood that the claimed polypeptide and the polynucleotide that encodes it are 
similarly useful. Appellants need not show any more to demonstrate utility. In re Brana, 51 
F3daT1567: 

It is undisputed that the polypeptide encoded for by the claimed polynucleotide shares 
more than 98% sequence identity over 345 amino acid residues with annexin 31 (g3688370) 
(Specification, e.g., at Table 2). The presence of multiple annexin domain signatures in SEQ ID 
NO:12 indicates that INTRA-12 is a member of the annexin family (see specification at Table 2). 
Members of the annexin family are known to function in phospholipid binding, membrane- 
cytoskeleton interactions, phospholipase inhibition, anticoagulation, and membrane fusion 
(Specification at page 4, lines 18-24) and have been implicated in cancer, neurodegenerative 
diseases, autoimmune diseases, and inflammatory bowel diseases (enclosed references of Bastian 
(1997) Cell. Mol. Life Sci. 53:554-556; Eberhard et al. (1994) Am. J. Pathol. 145:640-649; and 
Gerke and Moss (2002) Physiol. Rev. 82:331-371). 

CLUSTALW analysis shows that SEQ ID NO: 12 is 99.7% identical to pemphaxin (see 
Exhibit C of the Response to the Final Office Action of June 30, 2003). Although, the Examiner 
argues that SEQ ID NO: 12 is "structurally distinct from pemphaxin" and therefore "cannot be 
pemphaxin" (Advisory Action, page 6), Applicants note that the sequence of SEQ ID NO: 12 and 
pemphaxin share 344 out of 345 residues in common. Thus, SEQ ID NO: 12 is pemphaxin. 
Pemphaxin acts as a cell surface cholinergic receptor involved in the regulation of keratinocyte 
cell adhesion and is known to be associated with the autoimmune disorder, pemphigus vulgaris 
(see article of Nguyen et al J. Biol. Chem. (2000) 275:29466-29476, previously submitted as 
Exhibit B of the Response to the Final Office Action of June 30, 2003). Nguyen et al. identified 
pemphaxin in a screen for self-antigens recognized by pathogenic autoantibodies associated with 
the autoimmune disorder pemphigus vulgaris. Pemphaxin is believed to be one of the major 
proteins targeted by the autoimmune disorder. This corroborates the statement on page 7 of the 
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Specification that the SEQ ID NO: 12 polypeptide and the polynucleotides encoding it may be 
useful in the diagnosis and treatment of autoimmune disorders. 

Members of the annexin class of proteins have been found to be useful cell markers 
because of their phospholipid binding properties and their association with the plasma membrane 
(See the response to the Office Action of January 10, 2003 at page 22). Annexin V has been 
used in radionuclide imaging as a marker of apoptosis to monitor the changes in phospholipid 
distribution that accompany cell death (enclosed references of Blankenberg et al. (1998) Proc. 
Natl. Acad. Sci. U.S.A. 95:6349-6354 and Blankenberg et al. (2000) Eur. J. Nucl. Med. 27:359- 
367). Radionuclide imaging with radiolabled annexins may be useful for diagnosis of stroke, 
neurodegenerative diseases, inflammatory diseases, myocardial ischemia, myelodysplasia 
disorders, organ transplantation, and cancer. 

Although, the Examiner has pointed out the absence of type II calcium binding sites in 
annexin 31, and argues that the SEQ ID NO: 12 protein "would not have the phospholipid binding 
ability of other annexins" (Final Office Acton, page 22), Applicants disagree. Other members of 
the annexin family display both calcium-dependent and calcium-independent binding to 
phospholipids. For example, annexin I has a calcium-independent form that associates with 
membranes in the absence of calcium. Phosphorylation of the calcium-independent form of 
annexin I by epidermal growth factor kinase converts annexin I to a calcium-dependent form that 
requires calcium for membrane association (See enclosed reference of Futter et al. (1993) J. Cell 
Biol. 120:77-83). Annexin II, annexin All, and annexin XIII also are able to associate with 
membranes in the absence of calcium. (Also see the enclosed references of Jost et al. (1997) J. 
Cell Science 1 10:221-228, Lecona et al. (2003) Biochem. J. 373:437-449, and Lecat et al. (2000) 
J. Cell Science 113:2607-2618). Thus, the calcium binding site is not required in all annexins to 
confer phospholipid binding properties. The SEQ ID NO: 12 polypeptide, as a member of the 
annexin family, more likely than not, is a phospholipid binding protein, and as such, is useful 
like other members of the annexin family. 

The Examiner must accept the applicants' assertion that the polypeptide encoded for by 
the claimed invention is pemphaxin and thus has its utility unless the Examiner can demonstrate 
through evidence or sound scientific reasoning that a person of ordinary skill in the art would 
doubt that SEQ ID NO:12 is pemphaxin. See In re Langer, 503 F.2d 1380, 1391-92, 183 USPQ 
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288 (CCPA 1974). The Examiner has not provided sufficient evidence or sound scientific 
reasoning to the contrary. 

While the Examiner has cited literature: Smith et al. (Nat. Biotech 15:1222-1223, 1997); 
Brenner et al. (Trends in Genetics, 15:132-133, 1999); and Seffernick et al. (J. Bacteriol. 
183:2405-2410, 2001, identifying some of the difficulties that may be involved in predicting 
protein function, none suggests that functional homology cannot be inferred by a reasonable 
probability in this case. Most important, none contradicts Brenner's basic rule that sequence 
homology in excess of 40% over 70 or more amino acid residues yields a high probability of 
functional homology as well. At most, these articles individually and together stand for the 
proposition that it is difficult to make predictions about function with certainty. The standard 
applicable in this case is not, however, proof to certainty, but rather proof to reasonable 
probability. 

The Seffernick et al. reference cited by the Examiner does not contradict the findings of 
Brenner et al. The Seffernick et al. reference describes two enzymes, a melamine deaminase and 
an atrazine chlorohydrolase, that are 98% identical, yet have different substrate specificities. 
These two enzymes belong to a class of bacterial amidohydrolases whose members catalyze the 
hydrolytic displacement of amino groups or chlorine substituents from triazine ring compounds. 
Notably, the substrates of the two enzymes, melamine and atrazine, have similar structures 
except that melamine possesses an amino group and atrazine possesses a chlorine substituent. 
Some other members of the amidohydrolase superfamily catalyze deamination and 
dechlorination reactions with both triazine ring substrates. Therefore, the 98% sequence 
homology between melamine deaminase and atrazine chlorohydrolase correctly predicts their 
functional similarity and their membership in a common enzyme family. As noted by the 
Examiner, Seffernick et al. recognize that "functional assignments based on >50% sequence 
identity are considered to be reasonably sound" (Seffernick et al., page 2409, left column, 
paragraph 2). 

Furthermore, the Examiner has not provided evidence that any member of the annexin 
family, let alone a substantial number of those members, is not useful. In such circumstances, 
the only reasonable inference is that the polypeptide encoded by the claimed invention, like the 
other members of the annexin protein family, must be useful. 
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D. Objective evidence corroborates the utilities of the claimed invention 

There is, in fact, no restriction on the kinds of evidence a Patent Examiner may consider 
in determining whether a "real-world" utility exists. Indeed, "real-world" evidence, such as 
evidence showing actual use or commercial success of the invention, can demonstrate conclusive 
proof of utility. Raytheon v. Roper, 220 USPQ2d 592 (Fed. Cir. 1983); Nestle v. Eugene, 55 
-R2d854, 856,-12 USPQ 335 (6th Cir. 1932). Indeed, proof that the invention is made, used or 
sold by any person or entity other than the patentee is conclusive proof of utility. United States 
Steel Corp. v. Phillips Petroleum Co., 865 F.2d 1247, 1252, 9 USPQ2d 1461 (Fed. Cir. 1989). 

Over the past several years, a vibrant market has developed for databases containing all 
expressed genes (along with the polypeptide translations of those genes), in particular genes 
having medical and pharmaceutical significance such as the instant sequence. (Note that while 
the value in these databases is enhanced by their completeness, each sequence in them is 
independently valuable nonetheless.) The databases sold by Appellants' assignee, Incyte, include 
exactly the kinds of information made possible by the claimed invention, such as tissue and 
disease associations. Incyte sells its database containing the claimed sequence and millions of 
other sequences throughout the scientific community, including to pharmaceutical companies 
who use the information to develop new pharmaceuticals. 

Both Incyte' s customers and the scientific community have acknowledged that Incyte' s 
databases have proven to be valuable in, for example, the identification and development of drug 
candidates. As Incyte adds information to its databases, including the information that can be 
generated only as a result of Incyte' s discovery of the claimed polynucleotide and its use of that 
polynucleotide on cDNA microarrays, the databases become even more powerful tools. Thus the 
claimed invention adds more than incremental benefit to the drug discovery and development 
process. 

III. The Patent Examiner's Rejections Are Without Merit 

Rather than responding to the evidence demonstrating utility, the Examiner attempts to 
dismiss it altogether by arguing that the disclosed and well-established utilities for the claimed 
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polynucleotide and polypeptide are not "specific and substantial" utilities. (Office Action of 
January 10, 2003 at p. 4.) The Examiner is incorrect both as a matter of law and as a matter of 
fact. 

A. The Precise Biological Role Or Function Of An Expressed Polynucleotide or 
Polypeptide Is Not Required To Demonstrate Utility 

The Patent Examiner's primary rejection of the claimed invention is based on the ground 
that, without information as to the precise "biological role" of the claimed invention, the claimed 
invention's utility is not sufficiently specific. According to the Examiner, it is not enough that a 
person of ordinary skill in the art could use and, in fact, would want to use the claimed invention 
either by itself or in a microarray, 2-D gel or western blot to monitor the expression of genes for 
such applications as the evaluation of a drug's efficacy and toxicity. The Examiner would 
require, in addition, that the Appellant provide a specific and substantial interpretation of the 
results generated in any given expression analysis. 

It may be that specific and substantial interpretations and detailed information on 
biological function are necessary to satisfy the requirements for publication in some technical 
journals, but they are not necessary to satisfy the requirements for obtaining a United States 
patent. The relevant question is not, as the Examiner would have it, whether it is known how or 
why the invention works, In re Cortwright, 165 F.3d 1353, 1359 (Fed. Cir. 1999), but rather 
whether the invention provides an "identifiable benefit" in presently available form. Juicy Whip 
Inc. v. Orange Bang Inc., 185 F.3d 1364, 1366 (Fed. Cir. 1999). If the benefit exists, and there is 
a substantial likelihood the invention provides the benefit, it is useful. There can be no doubt, 
particularly in view of the Bedilion Declaration (at, e.g., f][ 10 and 15, Bedilion) and the Furness 
Declaration (at, e.g., ffl 10-13), that the present invention meets this test. 

The threshold for determining whether an invention produces an identifiable benefit is 
low. Juicy Whip, 185 F.3d at 1366. Only those utilities that are so nebulous that a person of 
ordinary skill in the art would not know how to achieve an identifiable benefit and, at least 
according to the PTO guidelines, so-called "throwaway" utilities that are not directed to a person 
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of ordinary skill in the art at all, do not meet the statutory requirement of utility. Utility 

Examination Guidelines, 66 Fed. Reg. 1092 (Jan. 5, 2001). 

Knowledge of the biological function or role of a biological molecule has never been 

required to show real-world benefit. In its most recent explanation of its own utility guidelines, 

the PTO acknowledged so much (66 F.R. at 1095): 

[T]he utility of a claimed DNA does not necessarily depend on the function of the 

encoded-gene product.- A claimed DNA may have specific and substantial utility 

because, e.g., it hybridizes near a disease-associated gene or it has gene-regulating 
activity. 

By implicitly requiring knowledge of biological function for any claimed nucleic acid, the 
Examiner has, contrary to law, elevated what is at most an evidentiary factor into an absolute 
requirement of utility. Rather than looking to the biological role or function of the claimed 
invention, the Examiner should have looked first to the benefits it is alleged to provide. 

B. Membership in a Class of Useful Products Can Be Proof of Utility 

Despite the uncontradicted evidence that the claimed polypeptide is related to pemphaxin, 
a member of the annexin family, whose members indisputably are useful, the Examiner refused 
to impute the utility of pemphaxin to INTRA-12. In the Office Action of January 10, 2003, the 
Patent Examiner takes the position that unless Appellants can identify which particular annexin 
function is possessed by INTRA-12, utility cannot be imputed. 

In order to demonstrate utility by membership in a class, the law requires only that the 
class not contain a substantial number of useless members. So long as the class does not contain 
a substantial number of useless members, there is sufficient likelihood that the claimed invention 
will have utility, and a rejection under 35 U.S.C. § 101 is improper. That is true regardless of 
how the claimed invention ultimately is used and whether or not the members of the class 
possess one utility or many. See Brenner v. Manson, 383 U.S. 519, 532 (1966); Application of 
Kirk, 316 F.2d 936, 943 (CCPA 1967). 

Membership in a "general" class is insufficient to demonstrate utility only if the class 
contains a sufficient number of useless members such that a person of ordinary skill in the art 
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could not impute utility by a substantial likelihood. There would be, in that case, a substantial 
likelihood that the claimed invention is one of the useless members of the class. In the few cases 
in which class membership did not prove utility by substantial likelihood, the classes did in fact 
include predominately useless members. E.g., Brenner (man-made steroids); Kirk (same); Natta 
(man-made polyethylene polymers). 

The Examiner addresses INTRA-12 as if the general class in which it is included is not 
the annexin family, but rather all polynucleotides or all polypeptides, including the vast majority 
of useless theoretical molecules not occurring in nature, and thus not pre-selected by nature to be 
useful. While these "general classes" may contain a substantial number of useless members, the 
annexin family does not. The annexin family is sufficiently specific to rule out any reasonable 
possibility that INTRA-12 would not also be useful like the other members of the family. 

Because the Examiner has not presented any evidence that the annexin class of proteins 
has any, let alone a substantial number, of useless members, the Examiner must conclude that 
there is a "substantial likelihood" that the INTRA-12 encoded by the claimed polynucleotides is 
useful. It follows that SEQ ID NO: 12 and SEQ ID NO:64 also are useful. 

Even if the Examiner's "common utility" criterion were correct - and it is not - the 
annexin family would meet it. It is undisputed that known members of the annexin family 
function in phospholipid binding, membrane-cytoskeleton interactions, phospholipase inhibition, 
anticoagulation, and membrane fusion. A person of ordinary skill in the art need not know any 
more about how the claimed invention functions to use it, and the Examiner presents no evidence 
to the contrary. Instead, the Examiner makes the conclusory observation that a person of 
ordinary skill in the art would need to know whether, for example, any given annexin functions 
in phospholipid binding, membrane-cytoskeleton interactions, or phospholipase inhibition. The 
Examiner then goes on to assume that the only use for INTRA-12 absent knowledge as to how 
INTRA-12 actually works is further study of INTRA-12 itself. 

Not so. As demonstrated by Appellants, knowledge that INTRA-12 is an annexin related 
to annexin 31 is more than sufficient to make it useful for the diagnosis and treatment of cancer, 
immune disorders, neurological disorders, and gastrointestinal disorders. The Examiner must 
accept these facts to be true unless the Examiner can provide evidence or sound scientific 
reasoning to the contrary. But the Examiner has not done so. 
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C. Because the uses of polynucleotides encoding INTRA in toxicology testing, 
drug discovery, and disease diagnosis are practical uses beyond mere study 
of the invention itself, the claimed invention has substantial utility. 

The Examiner rejected the claims at issue on the ground that the use of an invention as 
tool for research is not a "substantial" use. Because the Examiner's rejection assumes a 
substantial overstatement of the law, and is incorrect in fact, it must be overturned. 

There is no authority for the proposition that use as a tool for research is not a substantial 
utility. Indeed, the Patent Office has recognized that just because an invention is used in a 
research setting does not mean that it lacks utility (MPEP § 2107): 

Many research tools such as gas chromatographs, screening assays, and nucleotide 
sequencing techniques have a clear, specific and unquestionable utility (e.g., they are 
useful in analyzing compounds). An assessment that focuses on whether an invention is 
useful only in a research setting thus does not address whether the specific invention is in 
fact "useful" in a patent sense. Instead, Office personnel must distinguish between 
inventions that have a specifically identified utility and inventions whose specific utility 
requires further research to identify or reasonably confirm. 

The Patent Office's actual practice has been, at least until the present, consistent with that 
approach. It has routinely issued patents for inventions whose only use is to facilitate research, 
such as DNA ligases. These are acknowledged by the PTO's Training Materials themselves to 
be useful, as well as DNA sequences used, for example, as markers. 

Only a limited subset of research uses are not "substantial" utilities: those in which the 
only known use for the claimed invention is to be an object of further study, thus merely inviting 
further research. This follows from Brenner, in which the U.S. Supreme Court held that a 
process for making a compound does not confer a substantial benefit where the only known use 
of the compound was to be the object of further research to determine its use. Id. at 535. 
Similarly, in Kirk, the Court held that a compound would not confer substantial benefit on the 
public merely because it might be used to synthesize some other, unknown compound that would 
confer substantial benefit. Kirk, 376 F.2d at 940, 945 ("What Appellants are really saying to 
those in the art is take these steroids, experiment, and find what use they do have as medicines."). 
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Nowhere do those cases state or imply, however, that a material cannot be patentable if it has 
some other beneficial use in research. 

Such beneficial uses beyond studying the claimed invention itself have been 
demonstrated, in particular those described in the Bedilion and Furness Declarations. The 
claimed invention is a tool, rather than an object, of research. The data generated in gene 
expression monitoring using the claimed invention as a tool is not used merely to study the 
claimed polynucleotide itself, but rather to study properties of tissues, cells, and potential drug 
candidates and toxins. Without the claimed invention, the information regarding the properties 
of tissues, cells, drug candidates and toxins is less complete. 

Moreover, as discussed above in section II D., SEQ ID NO: 12 shares homology with 
other members of the annexin family. Therefore, the skilled artisan would have considered 
INTRA to be an important and valuable tool, in particular, for use in research on cancer, immune 
disorders, neurological disorders, and gastrointestinal disorders. The claimed invention has 
numerous other uses as a research tool, each of which alone is a "substantial utility." These 
include uses such as diagnostic assays (e.g., pages 51-56), chromosomal markers (e.g., pages 56- 
57), and ligand screening assays (e.g., page 36). 

IV. By Requiring the Patent Applicant to Assert a Particular or Unique Utility, the 
Patent Examination Utility Guidelines and Training Materials Applied by the 
Patent Examiner Misstate the Law 

There is an additional, independent reason to overturn the rejections: to the extent the 
rejections are based on Revised Interim Utility Examination Guidelines (64 FR 71427, 
December 21, 1999), the final Utility Examination Guidelines (66 FR 1092, January 5, 2001) 
and/or the Revised Interim Utility Guidelines Training Materials (USPTO Website 
www.uspto.gov, March 1, 2000), the Guidelines and Training Materials are themselves 
inconsistent with the law. 

The Training Materials, which direct the Examiners regarding how to apply the Utility 
Guidelines, address the issue of specificity with reference to two kinds of asserted utilities: 
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"specific" utilities which meet the statutory requirements, and "general" utilities which do not. 

The Training Materials define a "specific utility" as follows: 

A [specific utility] is specific to the subject matter claimed. This contrasts to general 
utility that would be applicable to the broad class of invention. For example, a claim to a 
polynucleotide whose use is disclosed simply as "gene probe" or "chromosome marker" 
would not be considered to be specific in the absence of a disclosure of a specific DNA 
target. Similarly, a general statement of diagnosticutility, such as diagnosing an 
unspecified disease, would ordinarily be insufficient absent a disclosure of what condition 
can be diagnosed. 

The Training Materials distinguish between "specific" and "general" utilities by assessing 
whether the asserted utility is sufficiently "particular," i.e., unique (Training Materials at p.52) as 
compared to the "broad class of invention." (In this regard, the Training Materials appear to 
parallel the view set forth in Stephen G. Kunin, Written Description Guidelines and Utility 
Guidelines , 82 J.P.T.O.S. 77, 97 (Feb. 2000) ("With regard to the issue of specific utility the 
question to ask is whether or not a utility set forth in the specification is particular to the claimed 
invention.")). 

Such "unique" or "particular" utilities never have been required by the law. To meet the 
utility requirement, the invention need only be "practically useful," Natta, 480 F.2d 1 at 1397, 
and confer a "specific benefit" on the public. Brenner, 383 U.S. at 534. Thus, incredible "throw- 
away" utilities, such as trying to "patent a transgenic mouse by saying it makes great snake food," 
do not meet this standard. Karen Hall, Genomic Warfare , The American Lawyer 68 (June 2000) 
(quoting John Doll, Chief of the Biotech Section of USPTO). 

This does not preclude, however, a general utility, contrary to the statement in the 
Training Materials where "specific utility" is defined (page 5). Practical real-world uses are not 
limited to uses that are unique to an invention. The law requires that the practical utility be 
"definite," not particular. Montedison, 664 F.2d at 375. Appellant is not aware of any court that 
has rejected an assertion of utility on the grounds that it is not "particular" or "unique" to the 
specific invention. Where courts have found utility to be too "general," it has been in those cases 
in which the asserted utility in the patent disclosure was not a practical use that conferred a 
specific benefit. That is, a person of ordinary skill in the art would have been left to guess as to 
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how to benefit at all from the invention. In Kirk, for example, the CCPA held the assertion that a 
man-made steroid had "useful biological activity" was insufficient where there was no informa- 
tion in the specification as to how that biological activity could be practically used. Kirk, 376 
F.2dat941. 

The fact that an invention can have a particular use does not provide a basis for requiring 
a particular use. See Brana, supra (disclosure describing a claimed antitumor compound as 
being homologous to an antitumor compound having activity against a "particular" type of cancer 
was determined to satisfy the specificity requirement). "Particularity" is not and never has been 
the sine qua non of utility; it is, at most, one of many factors to be considered. 

As described supra, broad classes of inventions can satisfy the utility requirement so long 
as a person of ordinary skill in the art would understand how to achieve a practical benefit from 
knowledge of the class. Only classes that encompass a significant portion of nonuseful members 
would fail to meet the utility requirement. Supra § KB. 2 (Montedison, 664 F.2d at 374-75). 

The Training Materials fail to distinguish between broad classes that convey information 
of practical utility and those that do not, lumping all of them into the latter, unpatentable category 
of "general" utilities. As a result, the Training Materials paint with too broad a brush. Rigorous- 
ly applied, they would render unpatentable whole categories of inventions that heretofore have 
been considered to be patentable and that have indisputably benefitted the public, including the 
claimed invention. See supra § H.B. Thus the Training Materials cannot be applied consistently 
with the law. 

Issue 2 - Whether claims 205. 206. 208, 209. 211-215, 217, 224-226, and 228-231 meet the 
enablement requirement of 35 U.S.C. § 112, first paragraph 

To the extent the rejection of the claimed invention under 35 U.S.C. § 112, first 
paragraph, is based on the improper rejection for lack of utility under 35 U.S.C. § 101, it 
must be reversed. 

The rejection set forth in the Office Action is based on the assertions discussed above, 
i.e., that the claimed invention lacks patentable utility. To the extent that the rejection under 
§ 112, first paragraph, is based on the improper allegation of lack of patentable utility under 
§ 101, it fails for the same reasons. 
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CONCLUSION 

Appellants respectfully submit that rejections for lack of utility based, inter alia, on an 
allegation of "lack of specificity," as set forth in the Office Action and as justified in the Revised 
Interim and final Utility Guidelines and Training Materials, are not supported in the law. Neither 
are they scientifically correct, nor supported by any evidence or sound scientific reasoning. 
These rejections are alleged to be founded on facts in court cases such as Brenner and Kirk, yet 
those facts are clearly distinguishable from the facts of the instant application, and indeed most if 
not all nucleotide and protein sequence applications. Nevertheless, the PTO is attempting to 
mold the facts and holdings of these prior cases, "like a nose of wax," 2 to target rejections of 
claims to polypeptide and polynucleotide sequences, as well as to claims to methods of detecting 
said polynucleotide sequences, where biological activity information has not been proven by 
laboratory experimentation, and they have done so by ignoring perfectly acceptable utilities fully 
disclosed in the specifications as well as well-established utilities known to those of skill in the 
art. As is disclosed in the specification, and even more clearly, as one of ordinary skill in the art 
would understand, the claimed invention has well-established, specific, substantial and credible 
utilities. The rejections are, therefore, improper and should be reversed. 

Moreover, to the extent the above rejections were based on the Revised Interim and final 
Examination Guidelines and Training Materials, those portions of the Guidelines and Training 
Materials that form the basis for the rejections should be determined to be inconsistent with the 
law. 

Due to the urgency of this matter, including its economic and public health implications, 
an expedited review of this appeal is earnestly solicited. 

If the USPTO determines that any additional fees are due, the Commissioner is hereby 
authorized to charge Deposit Account No. 09-0108. 
This brief is enclosed in triplicate 



2 'The concept of patentable subject matter under §101 is not 'like a nose of wax which 
may be turned and twisted in any direction * * *.' White v. Dunbar, 119 U.S. 47, 51." (Parker v. 
Flook, 198 USPQ 193 (US SupCt 1978)) 
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APPENDIX - CLAIMS ON APPEAL 



205. An isolated polypeptide comprising an amino acid sequence of SEQ ID NO: 12. 

206. A composition comprising a polypeptide of claim 205 and a pharmaceutically 
acceptable excipient. 

208. A method for treating a disease or condition associated with decreased expression 
of functional INTRA, comprising administering to a patient in need of such treatment the 
composition of claim 206. 

209. A method of screening for a compound that specifically binds to the polypeptide of 
claim 205, the method comprising: 

a) combining the polypeptide of claim 205 with at least one test compound under 
suitable conditions, and 

b) detecting binding of the polypeptide of claim 205 to the test compound, thereby 
identifying a compound that specifically binds to the polypeptide of claim 205. 

211. An isolated polynucleotide encoding a polypeptide comprising an amino acid 
sequence of SEQ ID NO: 12. 

212. An isolated polynucleotide of claim 21 1 comprising a polynucleotide sequence of 
SEQ IDNO:64. 

213. A recombinant polynucleotide comprising a promoter sequence operably linked to a 
polynucleotide of claim 2 1 1 . 

214. A cell transformed with a recombinant polynucleotide of claim 213. 
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215. A method of producing a polypeptide comprising an amino acid sequence of SEQ 
ID NO: 12, the method comprising: 

culturing a cell under conditions suitable for expression of the polypeptide, 
wherein said cell is transformed with a recombinant polynucleotide, and said 
recombinant polynucleotide comprises a promoter sequence operably linked to a 
polynucleotide of claim 211, and 
recovering the polypeptide so expressed. 

An isolated polynucleotide selected from the group consisting of: 
a polynucleotide comprising a polynucleotide sequence of SEQ ID NO:64, 
a polynucleotide completely complementary to a polynucleotide of a), and 
an RNA equivalent of a)-b). 

A microarray wherein at least one element of the microarray is a polynucleotide of 

A method of generating an expression profile of a sample which contains 
polynucleotides, the method comprising: 

a) labeling the polynucleotides of the sample, 

b) contacting the microarray of claim 224 with the labeled polynucleotides of the 
sample under conditions suitable for the formation of a hybridization complex, 
and 

c) quantifying the expression of the polynucleotides in the sample. 

226. An array comprising different nucleic acids affixed in distinct physical locations on 
a solid substrate, wherein at least one of said nucleic acids comprises a first polynucleotide 
sequence completely complementary to a target polynucleotide, and wherein said target 
polynucleotide is a polynucleotide of claim 217. 

228. An array of claim 226, which is a microarray. 



a) 



b) 

217. 
a) 
b) 
c) 

224. 
claim 217. 

225. 
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229. An array of claim 226, further comprising said target polynucleotide hybridized to a 
nucleic acid comprising said first polynucleotide sequence. 



230. An array of claim 226, wherein a linker joins at least one of said nucleic acids to 
said solid substrate. 

23 1 . An array of claim 226, wherein each distinct physical location on the substrate 
contains multiple nucleic acids, and the multiple nucleic acids at any single distinct physical 
location have the same sequence, and each distinct physical location on the substrate contains 
nucleic acids having a sequence which differs from the sequence of nucleic acids at another 
distinct physical location on the substrate. 
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1 . An important feature of the work of many molecular biologists is identifying which 
genes are switched on and off in a cell under different environmental conditions or 
subsequent to xenobiotic challenge. Such information has many uses, including the 
deciphering of molecular pathways and facilitating the development of new experimental 
and diagnostic procedures. However, the student of gene hunting should be forgiven for 
perhaps becoming confused by the mountain of information available as there appears to be 
almost as many methods of discovering differentially expressed genes as there are research 
groups using the technique. 

2 . The aim of this review was to clarify the main methods of differential gene expression 
analysis and the mechanistic principles underlying them. Also included is a discussion on 
some of the practical aspects of using this technique. Emphasis is placed on the so-called 
'open' systems, which require no prior knowledge of the genes contained within the study 
model. Whilst these will eventually be replaced by ' closed ' systems in the study of human, 
mouse and other commonly studied laboratory animals, they will remain a powerful tool for 
those examining less fashionable models. 

3. The use of suppress ion-PCR subtractive hybridization is exemplified in the 
identification of up- and down- regulated genes in rat liver following exposure to pheno- 
barbital, a well-known inducer of the drug metabolizing enzymes. 

4. Differential gene display provides a coherent platform for building libraries and 
microchip arrays of 'gene fingerprints ' characteristic of known enzyme inducers and 
xenobiotic toxicants, which may be interrogated subsequently for the identification and 
characterization of xenobiotics of unknown biological properties. 



Introduction 

It is now apparent that the development of almost all cancers and many non- 
neoplastic diseases are accompanied by altered gene expression in the affected cells 
compared to their normal state (Hunter 1991, Wynford -Thorn as 1991, Vogelstein 
and Kinzler 1993, Semenza 1994, Cassidy 1995, Kleinjan and Van Hegningen 1998). 
Such changes also occur in response to external stimuli such as pathogenic micro- 
organisms (Rohn et al. 1996, Singh et al. 1997, Griffin and Krishna 1998, Lunney 
1998) and xenobiotics (Sewall et al 1995, Dogra et al 1998, Ramana and Kohli 
1998), as well as during the development of undifferentiated cells (Hecht 1998, 
Rudin and Thompson 1998, Schneider-Maunoury et al, 1998). The potential 
medical and therapeutic benefits of understanding the molecular changes which 
occur in any given cell in progressing from the normal to the 'altered' state are 
enormous. Such profiling essentially provides a 'fingerprint' of each step of a 
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cell's development or response and should help in the elucidation of specific and 
sensitive biomarkers representing, for example, different types of cancer or previous 
exposure to certain classes of chemicals that are enzyme inducers. 

In drug metabolism, many of the xenobio tic-metabolizing enzymes (including 
the well-characterized isoforms of cytochrome P450) are inducible by drugs and 
chemicals in man (Pelkonen et al. 1998), predominantly involving transcriptional 
activation of not only the cognate cytochrome P450 genes, but additional cellular 
proteins which may be crucial to the phenomenon of induction. Accordingly, the 
development of methodology to identify and assess the full complement of genes 
that are either up- or down -regulated by inducers are crucial in the development of 
knowledge to understand the precise molecular mechanisms of enzyme induction 
and how this relates to drug action. Similarly, in the field of chemical-induced 
toxicity, it is now becoming increasingly obvious that most adverse reactions to 
drugs and chemicals are the result of multiple gene regulation, some of which are 
causal and some of which are casually -related to the toxicological phenomenon per 
se. This observation has led to an upsurge in interest in gene-profiling technologies 
which differentiate between the control and toxin -treated gene pools in target tissues 
and is, therefore, of value in rationalizing the molecular mechanisms of xenobiotic- 
induced toxicity. Knowledge of toxin-dependent gene regulation in target tissues is 
not solely an academic pursuit as much interest has been generated in the 
pharmaceutical industry to harness this technology in the early identification of toxic 
drug candidates, thereby shortening the developmental process and contributing 
substantially to the safety assessment of new drugs. For example, if the gene profile 
in response to say a testicular toxin that has been well-characterized in vivo could be 
determined in the testis, then this profile would be representative of all new drug 
candidates which act via this specific molecular mechanism of toxicity, thereby 
providing a useful and coherent approach to the early detection of such toxicants. 
Whereas it would be informative to know the identity and functionality of all genes 
up/ down regulated by such toxicants, this would appear a longer term goal, as the 
majority of human genes have not yet been sequenced, far less their functionality 
determined. However, the current use of gene profiling yields a pattern of gene 
changes for a xenobiotic of unknown toxicity which may be matched to that of well- 
characterized toxins, thus alerting the toxicologist to possible in vivo similarities 
between the unknown and the standard, thereby providing a platform for more 
extensive toxicological examination. Such approaches are beginning to gain 
momentum, in that several biotechnology companies are commercially producing 
'gene chips' or 'gene arrays' that may be interrogated for toxicity assessment of 
xenobiotics. These chips consist of hundreds/ thousands of genes, some of which are 
degenerate in the sense that not all of the genes are mechanistically-related to any 
one toxicological phenomenoa Whereas these chips are useful in broad-spectrum 
screening, they are maturing at a substantial rate, in that gene arrays are now 
becoming more specific, e.g. chips for the identification of changes in growth factor 
families that contribute to the aetiology and development of chemically-induced 
neoplasias. 

Although documenting and explaining these genetic changes presents a 
formidable obstacle to understanding the different mechanisms of development and 
disease progression, the technology is now available to begin attempting this difficult 
challenge. Indeed, several 'differential expression analysis' methods have been 
developed which facilitate the identification of gene products that demonstrate 
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altered expression in cells of one population compared to another. These methods 
have been used to identify differential gene expression in many situations, including 
invading pathogenic microbes (Zhao et al. 1998), in cells responding to extracellular 
and intracellular microbial invasion (Duguid and Dinauer 1990, Ragno et al. 1997, 
Maldarelli et al. 1998), in chemically treated cells (Syed et al. 1997, Rockett et al. 
1999), neoplastic cells (Liang et al. 1992, Chang and Terzaghi-Howe 1998), 
activated cells (Gurskaya et al. 1996, Wan et al. 1996), differentiated cells (Hara et 
al. 1991, Guimaraes et al. 1995a, b), and different cell types (Davis et al. 1984, 
Hedrick et al. 1984, Xhu et al. 1998). Although differential expression analysis 
technologies are applicable to a broad range of models, perhaps their most important 
advantage is that, in most cases, absolutely no prior knowledge of the specific genes 
which are up- or down-regulated is required. 

The field of differential expression analysis is a large and complex one, with 
many techniques available to the potential user. These can be categorized . into 
several methodological approaches, including: 

(1) Differential screening, 

(2) Subtractive hybridization (SH) (includes methods such as chemical cross- 
linking subtraction — CCLS, suppression-PCR subtractive hybridization — 
SSH, and representational difference analysis — RDA), 

(3) Differential display (DD), 

(4) Restriction endonuclease facilitated analysis (including serial analysis of gene 
expression — SAGE — and gene expression fingerprinting — GEF), 

(5) Gene expression arrays, and 

(6) Expressed sequence tag (EST) analysis. 

The above approaches have been used successfully to isolate differentially 
expressed genes in different model systems. However, each method has its own 
subtle (and sometimes not so subtle) characteristics which incur various advantages 
and disadvantages. Accordingly, it is the purpose of this review to clarify the 
mechanistic principles underlying the main differential expression methods and to 
highlight some of the broader considerations and implications of this very powerful 
and increasingly popular technique. Specifically, we will concentrate on the so- 
called 'open' systems, namely those which do not require any knowledge of gene 
sequences and, therefore, are useful for isolating unknown genes. Two 'closed' 
systems (those utilising previously identified gene sequences), EST analysis and the 
use of DNA arrays, will also be considered briefly for completeness. Whilst 
emphasis will often be placed on suppression PCR subtractive hybridization (SSH, 
the approach employed in this laboratory), it is the aim of the authors to highlight, 
wherever possible, those areas of common interest to those who use, or intend to use, 
differential gene expression analysis. 

Differential cDNA library screening (DS) 

Despite the development of multiple technological advances which have recently 
brought the field of gene expression profiling to the forefront of molecular analysis, 
recognition of the importance of differential gene expression and characterization of 
differentially expressed genes has existed for many years. One of the original 
approaches used to identify such genes was described 20 years ago by St John and 
Davis (1979). These authors developed a method, termed 'differential plaque filter 
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hybridization', which was used to isolate galactose-inducible DNA sequences from 
yeast. The theory is simple: a genomic DNA library is prepared from normal, 
unstimulated cells of the test organism/tissue and multiple filter replicas are 
prepared. These replica blots are probed with radioactively (or otherwise) labelled 
complex cDNA probes prepared from the control and test cell mRNA populations. 
Those mRNAs which are differentially expressed in the treated cell population will 
show a positive signal only on the filter probed with cDNA from the treated cells. 
Furthermore, labelled cDNA from different test conditions can be used to probe 
multiple blots, thereby enabling the identification of mRNAs which are only up- 
regulated under certain conditions. For example, St John and Davis (1979) screened 
replica filters with acetate-, glucose- and galactose-derived probes in order to obtain 
genes induced specifically by galactose metabolism. Although groundbreaking in its 
time this method is now considered insensitive and time-consuming, as up to 2 
months are required to complete the identification of genes which are differentially 
expressed in the test population. In addition, there is no convenient way to check 
that the procedure has worked until the whole process has been completed. 

Subtractive Hybridization (SH) 

The developing concept of differential gene expression and the success of early 
approaches such as that described by St John and Davis (1979) soon gave rise to a 
search for more convenient methods of analysis. One of the first to be developed was 
SH, numerous variations of which have since been reported (see below). In general, 
this approach involves hybridization of mRNA /cDNA from one population (tester) 
to excess mRNA/cDNA from another (driver), followed by separation of the 
unhybridized tester fraction (differentially expressed) from the hybridized common 
sequences. This step has been achieved physically, chemically and through the use 
of selective polymerase chain reaction (PCR) techniques. 

Physical separation 

Original subtractive hybridization technology involved the physical separation 
of hybridized common species from unique single stranded species. Several methods 
of achieving this have been described, including hydroxyapatite chromatography 
(Sargent and Dawid 1983), avidin-biotin technology (Duguid and Dinauer 1990) 
and oligodT-latex separation (Hara et aL 1991). In the first approach, common 
mRNA species are removed by cDNA (from test cells)-mRNA (from control cells) 
subtractive hybridization followed by hydroxyapatite chromatography, as hydroxy- 
apatite specifically adsorbs the cDNA-mRNA hybrids. The unabsorbed cDNA is 
then used either for the construction of a cDNA library of differentially expressed 
genes (Sargent and Dawid 1983, Schneider et aL 1988) or directly as a probe to 
screen a preselected library (Zimmerman et aL 1980, Davis etal. 1984, Hedrick etal. 
1984). A schematic diagram of the procedure is shown in figure 1. 

Less rigorous physical separation procedures coupled with sensitivity enhancing 
PCR steps were later developed as a means to overcome some of the problems 
encountered with the hydroxyapatite procedure. For example, Daguid and Dinauer 
(1990) described a method of subtraction utilizing biotin-afnnity systems as a means 
to remove hybridized common sequences. In this process, both the control and 
tester mRNA populations are first converted to cDN A and an adaptor ('oligovector \ 
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chromatography 



Enriched, differentially expressed cDNA 



Produce clones Label directly and probe library 

Figure 1. The hydroxyapatite method of subtractive hybridization. cDNA derived from the 
treated /altered (tester) population is mixed with a large excess of mRNA from the control (driver) 
population. Following hybridization, mRNA-cDNA hybrids are removed by hydroxyapatite 
chromatography. The only cDNAs which remain are those which are differentially expressed in 
the treated/ altered population. In order to facilitate the recovery of full length clones, small cDNA 
fragments are removed by exclusion chromatography. The remaining cDNAs are then cloned into 
a vector for sequencing, or labelled and used directly to probe a library, as described by Sargent 
and Dawid (1983). 



containing a restriction site) ligated to both sides. Both populations are then 
amplified by PCR, but the driver cDNA population is subsequently digested with 
the adaptor-containing restriction endonuclease. This serves to cleave the oligo- 
vector and reduce the amplification potential of the control population. The digested 
control population is then biotinylated and an excess mixed with tester cDNA. 
Following denaturation and hybridization, the mix is applied to a biocytin column 
(streptavidin may also be used) to remove the control population, including 
heteroduplexes formed by annealing of common sequences from the tester 
population. The procedure is repeated several times following the addition of fresh 
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Figure 2. The use of oligodT^ latex to perform subtractive hybridization. mRNA extracted from the 
control (driver) population is converted to anchored cDNA using polydT oligonucleotides 
attached to latex beads. mRNA from the treated/altered (tester) population is repeatedly 
hybridized against an excess of the anchored driver cDNA. The final population of mRNA is 
tester specific and can be converted into cDNA for cloning and other downstream applications, as 
described by Hara et al. (1991). 
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control cDNA. In order to further enrich those species differentially expressed in 
the tester cDNA, the subtracted tester population is amplified by PCR following 
every second subtraction cycle. After six cycles of subtraction (three reamplification 
steps) the reaction mix is ligated into a vector for further analysis. 

In a slightly different approach, Hara et al. (1991) utilized a method whereby 
oligo(dT 30 ) primers attached to a latex substrate are used to first capture mRNA 
extracted from the control population. Following 1st strand cDNA synthesis, the 
RNA strand of the heteroduplexes is removed by heat denaturation and centri- 
fugation (the cDNA-oligotex-dT^ forms a pellet and the supernatant is removed). 
A quantity of tester mRNA is then repeatedly hybridized to the immobilized control 
(driver) cDNA (which is present in 20-fold excess). After several rounds of 
hybridization the only mRNA molecules left in the tester mRNA population are 
those which are not found in the driver cDNA-oligotex-dT^ population. These 
tester-specific mRNA species are then converted to cDNA and, following the 
addition of adaptor sequences, amplified by PCR. The PCR products are then 
ligated into a vector for further analysis using restriction sites incorporated into the 
PCR primers. A schematic illustration of this subtraction process is shown in figure 
2. 

However, all these methods utilising physical separation have been described as 
inefficient due to the requirement for large starting amounts of mRNA, significant 
loss of material during the separation process and a need for several rounds of 
hybridization. Hence, new methods of differential expression analysis have recently 
been designed to eliminate these problems. 

Chemical Cross -Linking Subtraction (CCLS ) 

In this technique, originally described by Hampson et al. (1992), driver mRNA 
is mixed with tester cDNA (1st strand only) in a ratio of > 20:1. The common 
sequences form cDNA :mRNA hybrids, leaving the tester specific species as single 
stranded cDNA. Instead of physically separating these hybrids, they are inactivated 
chemically using 2,5 diaziridinyl-l,4-benzoquinone (DZQ). Labelled probes are 
then synthesized from the remaining single stranded cDNA species (unreacted 
mRNA species remaining from the driver are not converted into probe material due 
to specificity of Sequenase T7 DNA polymerase used to make the probe) and used 
to screen a cDN A library made from the tester cell population. A schematic diagram 
of the system is shown in figure 3. 

It has been shown that the differentially expressed sequences can be enriched at 
least 300-fold with one round of subtraction (Hampson et al. 1992), and that the 
technique should allow isolation of cDN As derived from transcripts that are present 
at less than 50 copies per cell. This equates to genes at the low end of intermediate 
abundance (see table 1). The main advantages of the CCLS approach are that it is 
rapid, technically simple and also produces fewer false positives than other 
differential expression analysis methods. However, like the physical separation 
protocols, a major drawback with CCLS is the large amount of starting material 
required (at least 10 fug RNA). Consequently, the technique has recently been 
refined so that a renewable source of RNA can be generated. The degenerate random 
oligonucleotide primed (DROP) adaptation (Hampson et al. 1996, Hampson and 
Hampson 1997) uses random hexanucleotide sequences to prime solid phase- 
synthesized cDNA. Since each primer includes a T7 polymerase promotor sequence 
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Figure 3. Chemical cross-linking subtraction. Excess driver mRNA is mixed with 1 st strand tester 
cDNA. The common sequences form mRNAicDNA hybrids which are cross linked with 2,5 
diaziridinyl-l,4-benzoquinone (DZQ) and the remaining cDNA sequences are differentially 
expressed in the tester population. Probes are made from these sequences using Sequenase 2.0 
DNA polymerase, which lacks reverse transcriptase activity and, therefore, does not react with the 
remaining mRNA molecules from the driver. The labelled probes are then used to screen a cDNA 
library for clones of differentially expressed sequences. Adapted from Walter et al. (1996), with 
permission. 



Table 1. The abundance of mRNA species and classes in a typical mammalian cell. 



mRNA 
class 


Copies of 

each 
species/cell 


No. of mRNA 
species in 
class 


Mean % of 
each species 
in class 


Mean mass 
(ng) of each 
species/ ^g 
total RNA 


Abundant 


12000 


4 


3.3 


1.65 


Intermediate 


300 


500 


0.08 


0.04 


Rare 


15 


11000 


0.004 


0.002 



Modified from Bertioli et al. (1995). 
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at the 5' end, the final pool of random cDNA fragments is a PCR-renewable cDNA 
population which is representative of the expressed gene pool and can be used to 
synthesize sense RNA for use as driver material. Furthermore, if the final pool of 
random cDNA fragments is reamplified using biotinylated T7 primer and random 
hexamer, the product can be captured with streptavidin beads and the antisense 
strand eluted for use as tester. Since both target and driver can be generated from 
the same DROP product, subtraction can be performed in both directions (i.e. for 
up- and down-regulated species) between two different DROP products. 

Representational Difference Analysis (RDA) 

RDA of cDNA (Hubank and Schatz 1994) is an extension of the technique 
originally applied to genomic DNA as a means of identifying differences between 
two complex genomes (Lisitsyn et al. 1993). It is a process of subtraction and 
amplification involving subtractive hybridization of the tester in the presence of 
excess driver. Sequences in the tester that have homologues in the driver are 
rendered unamplifiable, whereas those genes expressed only in the tester retain the 
ability to be amplified by PCR. The procedure is shown schematically in figure 4. 

In essence, the driver and tester mRNA populations are first converted to cDNA 
and amplified by PCR following the ligation of an adaptor. The adaptors are then 
removed from both populations and a new (different) adaptor ligated to the 
amplified tester population only. Driver and tester populations are next melted and 
hybridized together in a ratio of 100:1. Following hybridization, only tester : tester 
homohybrids have 5 'adaptors at each end of the DNA duplex and can, thus, be filled 
in at both 3' ends. Hence, only these molecules are amplified exponentially during 
the subsequent PCR step. Although tester : driver heterohybrids are present, they 
only amplify in a linear fashion, since the strand derived from the driver has no 
adaptor to which the primer can bind. Driver : driver heterohybrids have no 
adaptors and, therefore, are not amplified. Single stranded molecules are digested 
with mung bean nuclease before a further PCR-enrichment of the tester : tester 
homohybrids. The adaptors on the amplified tester population are then replaced and 
the whole process repeated a further two or three times using an increasing excess of 
driver (Hubank and Shatz used a tester : driver ratio of 1:400, 1:80000 and 
1 : 800000 for the second, third and fourth hybridizations, respectively). Different 
adaptors are ligated to the tester between successive rounds of hybridization and 
amplification to prevent the accumulation of PCR products that might interfere with 
subsequent amplifications. The final display is a series of differentially expressed 
gene products easily observable on an ethidium bromide gel. 

The main advantages of RDA are that it offers a reproducible and sensitive 
approach to the analysis of differentially expressed genes. Hubank and Schatz (1 994) 
reported that they were able to isolate genes that were differentially expressed in 
substantially less than 1 % of the cells from which the tester is derived. Perhaps the 
main drawback is that multiple rounds of ligation, hybridization, amplifiation and 
digestion are required. The procedure is, therefore, lengthier than many other 
differential display approaches and provides more opportunity for operator-induced 
error to occur. Although the generation of false positives has been noted, this has 
been solved to some degree by O'Neill and Sinclair (1997) through the use of HPLC- 
purified adaptors. These are free of the truncated adaptors which appear to be a 
major source of the false positive bands. A very similar technique to RDA, termed 
linker capture subtraction (LCS) was described by Yang and Sytowski (1996). 
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Figure 4. The representational difference analysis (RDA) technique. Driver and tester cDNA are 
digested with a 4-cutter restriction enzyme such as Dpnll. The 1 st set of 12/24 adaptor strands 
(oligonucleotides) are ligated to each other and the digested cDNA products. The 12mer is 
subsequently melted away and the 3'ends filled in using Taq DNA polymerase. Each cDNA 
population is then amplified using PCR, following which the 1 st set of adaptors is removed with 
Dpnll. A second set of 12/24 adaptor strands is then added to the amplified tester cDNA 
population, after which the tester is hybridized against a large excess of driver. The 12mer 
adaptors are melted and the 3'ends filled in as before. PCR is carried out with primers identical 
to the new 24mer adaptor. Thus, the only hybridization products which are exponentially 
amplified are those which are tester : tester combinations. Following PCR, ssDNA products are 
removed with mung bean nuclease, leaving the 'first difference product'. This is digested and a 
third set of 12/24 adaptors added before repeating the subtraction process from the hybridization 
stage. The process is repeated to the 3 rd or 4 th difference product, as described by Lisitsyn et al. 
(1993) and Hubank and Schatz (1994). 
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Suppression PCR Subtr active Hybridization ( SSH) 

The most recent adaptation of the SH approach to differential expression 
analysis was first described by Diatchenko et al. (1996) and Gurskaya et al. (1996). 
They reported that a 1000-5000 fold enrichment of rare cDNAs (equivalent to 
isolating mRNAs present at only a few copies per cell) can be obtained without the 
need for multiple hybridizations/subtractions. Instead of physical or chemical 
removal of the common sequences, a PCR-based suppression system is used (see 
figure 5). 

In SSH, excess driver cDNA is added to two portions of the tester cDNA which 
have been ligated with different adaptors. A first round of hybridization serves to 
enrich differentially expressed genes and equalize rare and abundant messages. 
Equalization occurs since reannealing is more rapid for abundant molecules than for 
rarer molecules due to the second order kinetics of hybridization (James and Higgins 
1 985). The two primary hybridization mixes are then mixed together in the presence 
of excess driver and allowed to hybridize further. This step permits the annealing of 
single stranded complementary sequences which did not hybridize in the primary 
hybridization, and in doing so generates templates for PCR amplification. Although 
there are several possible combinations of the single stranded molecules present in 
the secondary hybridization mix, only one particular combination (differentially 
expressed in the tester cDNA composed of complimentary strands having different 
adaptors) can amplify exponentially. 

Having obtained the final differential display, two options are available if cloning 
of cDNAs is desired. One is to transform the whole of the final PCR reaction into 
competent cells. Transformed colonies can then be isolated and their inserts 
characterized by sequencing, restriction analysis or PCR. Alternatively, the final 
PCR products can be resolved on a gel and the individual bands excised, reamplified 
and cloned. The first approach is technically simpler and less time consuming. 
However, ligation/transformation reactions are known to be biased towards the 
cloning of smaller molecules, and so the final population of clones will probably not 
contain a representative selection of the larger products. In addition, although 
equalization theoretically occurs, observations in this laboratory suggest that this is 
by no means perfectly accomplished. Consequently, some gene species are present 
in a higher number than others and this will be represented in the final population 
of clones. Thus, in order to obtain a substantial proportion of those gene species that 
actually demonstrate differential expression in the tester population, the number of 
clones that will have to be screened after this step may be substantial. The second 
approach is initially more time consuming and technically demanding. However, it 
would appear to offer better prospects for cloning larger and low abundance gel 
products. In addition, one can incorporate a screening step that differentiates 
different products of different sequences but of the same size (HA-staining, see 
later). In this way, a good idea of the final number of clones to be isolated and 
identified can be achieved. 

An alternative (or even complementary) approach is to use the final differential 
display reaction to screen a cDNA library to isolate full length clones for further 
characterization, or a DNA array (see later) to quickly identify known -genes. SSH 
has been used in this laboratory to begin characterization of the short-term gene 
expression profiles of enzyme-inducers such as phenobarbital (Rockett et al. 1997) 
and Wy-14,643 (Rockett et al. unpublished observations). The isolation of 
differentially expressed genes in this manner enables the construction of a fingerprint 
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Figure 5. PCR-select cDNA subtraction. In the primary hybridization, an excess of driver cDNA is 
added to each tester cDNA population. The samples are heat denatured and allowed to hybridize 
for between 3 and 8 h. This serves two purposes : (1) to equalize rare and abundant molecules ; and 
(2) to enrich for differentially expressed sequences — cDNAs that are not differentially expressed 
form type c molecules with the driver. In the secondary hybridization, the two primary 
hybridizations are mixed together without denaturing. Fresh denatured driver can also be added 
at this point to allow further enrichment of differentially expressed sequences. Type e molecules 
are formed in this secondary hybridization which are subsequently amplified using two rounds of 
PCR. The final products can be visualized on an agarose gel, labelled directly or cloned into a 
vector for downstream manipulation. As described by Diatchenko et aL (1996) and Gurskaya 
et aL (1996), with permission. 
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Figure 6. Flow diagram showing method used in this laboratory to isolate and identify clones of genes 
which are differentially expressed in rat liver following short term exposure to the enzyme 
inducers, phenobarbital and Wy-14,643. 



of expressed genes which are unique to each compound and time/dose point. Such 
information could be useful in short-term characterization of the toxic potential of 
new compounds by comparing the gene-expression profiles they elicit with those 
produced by known inducers. Figure 6 shows a flow diagram of the method used to 
isolate, verify and clone differentially expressed genes, and figure 7 shows expression 
profiles obtained from a typical SSH experiment. Subsequent sub-cloning of the 
individual bands, sequencing and gene data base interrogation reveals many genes 
which are either up- or down-regulated by phenobarbital in the rat (tables 2 and 3). 

One of the advantages in using the SSH approach is that no prior knowledge is 
required of which specific genes are up/down-regulated subsequent to xenobiotic 
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Figure 7. SSH display patterns obtained from rat liver following 3-day treatment with WY-14,643 or 
phenobarbital. mRNA extracted from control and treated livers was used to generate the 
differential displays using the PCR-Select cDNA subtraction kit (Clontech). Lane: 1 — lkb 
ladder ; 2 — genes upregulated following Wy, 14-643 treatment; 3 — genes downregulated following 
Wy, 14-643 treatment; 4 — genes upregulated following phenobarbital treatment; 5 — genes 
downregulated following phenobarbital treatment; 6 — lkb ladder. Reproduced from Rockett et 
al. (1997), with permission. 

exposure, and an almost complete complement of genes are obtained. For example, 
the peroxisome proliferator and non-genotoxic hepatocarcinogen Wy,14,643, up- 
regulates at least 28 genes and down-regulates at least 15 in the rat (a sensitive 
species) and produces 48 up- and 37 down-regulated genes in the guinea pig, a 
resistant species (Rockett, Swales, Esda and Gibson, unpublished observations). 
One of these genes, CD81, was up-regulated in the rat and down-regulated in the 
guinea pig following Wy-14,643 treatment. CD81 (alternatively named TAPA-1) is 
a widely expressed cell surface protein which is involved in a large number of cellular 
processes including adhesion, activation, proliferation and differentiation (Levy et 
al. 1998). Since all of these functions are altered to some extent in the phenomena 
of hepatomegaly and non-genotoxic hepatocarcinogenesis, it is intriguing, and 
probably mechanistically-relevant, that CD81 expression is differentially regulated 
in a resistant and susceptible species. However, the down-side of this approach is 
that the majority of genes can be sequenced and matched to database sequences, but 
the latter are predominantly expressed sequence tags or genes of completely 
unknown function, thus partially obscuring a realistic overall assessment of the 
critical genes of genuine biological interest. Notwithstanding the lack of complete 
funtional identification of altered gene expression, such gene profiling studies 
essentially provides a 'molecular fingerprint 9 in response to xenobiotic challenge, 
thereby serving as a mechanistically-relevant platform for further detailed 
investigations. 

Differential Display (DD) 

Originally described as 'RNA fingerprinting by arbitrarily primed PGR' (Liang 
and Pardee 1992) this method is now more commonly referred to as 'differential 
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Band number 



(approximate 


Highest sequence 




size in bp) 


similarity 


FASTA-EMBL gene identification 


5 (1300) 


93.5% 


CYP2B1 


7 (1000) 


95.1% 


Preproalbumin 






Serum albumin mRNA 


8 (950) 


98.3% 


NCI-CGAP-Prl H. sapiens (EST) 


10 (850) 


95.7% 


CYP2B1 


11 (800) 


Clone 1 94.9% 


CYP2B1 




Clone 2 75.3% 


CYP2B2 


12 (750) 


93.8% 


TRPM-2 mRNA 






Sulfated glycoprotein 


15 (600) 


92.9% 


Preproalbumin 






Serum albumin mRNA 


16(55) 


Clone 1 95.2% 


CYP2B1 




Clone 2 93.6% 


Haptoglobulin mRNA partial alpha 


21 (350) 


99.3% 


18S, 5.8S & 28S rRNa 



Bands 1—4, 6, 9, 13, 14, and 17-20 are shown to be false positives by dot blot anaylsis and, therefore, 
are not sequenced. Derived from Rockett et al. (1997). It should be noted that the above genes do not 
represent the complete spectrum of genes which are up-regulated in rat liver by phenobarbital, but 
simply represents the genes sequenced and identified to date. 



Table 3. Genes down-regulated in rat liver following 3-day exposure to phenobarbital. 



Band number 

(approximate Highest sequence 

size in bp) similarity FASTA-EMBL gene identification 



1 (1500) 




95.3% 


3-oxoacyl-CoA thiolase 


2 (1200) 




92.3% 


Hemopoxin mRNA 


3 (1000) 




91.7% 


Alpha-2u-globulin mRNA 


7 (700) 


Clone 1 


77.2% 


M .musculus CI inhibitor 




Clone 2 


94.5% 


Electron transfer flavoprotein 




Clone 3 


91.0% 


M. musculus Topoisomerase 1 (Topo 1) 


8 (650) 


Clone 1 


86.9% 


Soares 2NbMT M. musculus (EST) 




Clone 2 


96.2% 


Alpha-2u-globulin (s-type) mRNA 


9 (600) 


Clone 1 


86.9% 


Soares mouse NML M. musculus (EST) 




Clone 2 


82.0% 


Soares p3NMF 19.5 M. musculus (EST) 


10 (550) 




73.8% 


Soares mouse NML M. musculus (EST) 


11 (525) 




95.7% 


NCI-CGAP-Prl H. sapiens (EST) 


12 (375) 




100.0% 


Ribosomal protein 


13 (23) 


Clone 1 


97.2% 


Soares mouse embryo NbME135 (EST) 




Clone 2 


100.0% 


Fibrinogen B-beta-chain 




Clone 3 


100.0% 


Apolipoprotein E gene 


14 (170) 




96.0% 


Soares p3NMF19.5 M. musculus (EST) 


15 (140) 




97.3% 


Stratagene mouse testis (EST) 


Others : (300) 




96.7% 


R. norvegicus RASP 1 mRNA 


(275) 




93.1% 


Soares mouse mammary gland (EST) 



EST = Expressed sequence tag. Bands 4-6 were shown to be false positives by dot blot analysis and, 
therefore, were not sequenced. Derived from Rockett et al. (1997). It should be noted that the above genes 
do not represent the complete spectrum of genes which are down-regulated in rat liver by phenobarbital, 
but simiply represents the genes sequenced and identified to date. 



display* (DD). In this method, all the mRNA species in the control and treated cell 
populations are amplified in separate reactions using reverse transcriptase-PCR 
(RT-PCR). The products are then run side-by-side on sequencing gels. Those 
bands which are present in one display only, or which are much more intense in one 
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display compared to the other, are differentially expressed and may be recovered for 
further characterization. One advantage of this system is the speed with which it can 
be carried out — 2 days to obtain a display and as little as a week to make and identify 
clones. 

Two commonly used variations are based on different methods of priming the 
reverse transcription step (figure 8). One is to use an oligo dT with a 2-base 'anchor' 
at the 3'-end, e.g. 5' (dT„)CA 3' (Liang and Pardee 1992). Alternatively, an 
arbitrary primer may be used for 1st strand cDNA synthesis (Welsh et al. 1992). 
This variant of RNA fingerprinting has also been called 'RAP* (RNA Arbitrarily 
Primed)-PCR. One advantage of this second approach is that PCR products may be 
derived from anywhere in the RNA, including open reading frames. In addition, it 
can be used for mRN As that are not polyadenylated, such as many bacterial mRNAs 
(Wong and McClelland 1994). In both cases, following reverse transcription and 
denaturation, second strand cDNA synthesis is carried out with an arbitrary primer 
(arbitrary primers have a single base at each position, as compared to random 
primers, which contain a mixture of all four bases at each position). The resulting 
PCR, thus, produces a series of products which, depending on the system (primer 
length and composition, polymerase and gel system), usually includes 50-100 
products per primer set (Band and Sager 1989). When a combination of different 
dT-anchors and arbitrary primers are used, almost all mRN A species from a cell can 
be amplified. When the cDNA products from two different populations are analysed 
side by side on a polyacrylamide gel, differences in expression can be identified and 
the appropriate bands recovered for cloning and further analysis. 

Although DD is perhaps the most popular approach used today for identifying 
differentially expressed genes, it does surfer from several perceived disadvantages: 

(1) It may have a strong bias towards high copy number mRNAs (Bertioli et al. 
1995), although this has been disputed (Wane* a/. 1996) and the isolation of very 
low abundance genes may be achieved in certain circumstances (Guimeraes et 
al 1995a). 

(2) The cDNAs obtained often only represent the extreme Y end of the mRN A 
(often the 3 '-untranslated region), although this may not always be the case 
(Guimeraes et al. 1995a). Since the 3 'end is often not included in Genbank and 
shows variation between organisms, cDNAs identified by DD cannot always be 
matched with their genes, even if they have been identified. 

(3) The pattern of differential expression seen on the display often cannot be 
reproduced on Northern blots, with false positives arising in up to 70% of cases 
(Sun et al. 1994). Some adaptations have been shown to reduce false positives, 
including the use of two reverse transcriptases (Sung and Denman 1997), 
comparison of uninduced and induced cells over a time course (Burn et al. 1994) 
and comparison of DDPCR-products from two uninduced and two induced 
lines (Sompayrac et al. 1995). The latter authors also reported that the use of 
cytoplasmic RNA rather then total RNA reduces false positives arising from 
nuclear RNA that is not transported to the cytoplasm. 

Further details of the background, strengths and weaknesses of the DD 
technique can be obtained from a review by McClelland et al. (1996) and from 
articles by Liang et al (1995) and Wan et al. (1996). 
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Figure 8. Two approaches to differential display (DD) analysis. l sl strand synthesis can be carried out 
either with a polydT „ NN primer (where N = G, C or A) or with an arbitrary primer. The use of 
different combinations of G, C and A to anchor the first strand polydT primer enables the priming 
of the majority of polyadenylated mRNAs. Arbitrary primers may hybridize at none, one or more 
places along the length of the mRNA, allowing 1 st strand cDNA synthesis to occur at none, one 
or more points in the same gene. In both cases, 2 nd strand synthesis is carried out with an arbitrary 
primer. Since these arbitrary primers for the 2 nd strand may also hybridize to the 1 st strand cDNA 
in a number of different places, several different 2 nd strand products may be obtained from one 
binding point of the 1 st strand primer. Following 2 nd strand synthesis, the original set of primers 
is used to amplify the second strand products, with the result that numerous gene sequences are 
amplified. 



Restriction endonuclease-facilitated analysis of gene expression 

Serial Analysis of Gene Expression (SAGE) 

A more recent development in the field of differential display is SAGE analysis 
(Velculescu et aL 1995). This method uses a different approach to those discussed so 
far and is based on two principles. Firstly, in more than 95% of cases, short 
nucleotide sequences ('tags') of only nine or 10 base pairs provide sufficient 
information to identify their gene of origin. Secondly, concatonation (linking 
together in a series) of these tags allows sequencing of multiple cDNAs within a 
single clone. Figure 9 shows a schematic representation of the SAGE process. In this 
procedure, double stranded cDNA from the test cells is synthesized with a 
biotinylated polydT primer. Following digestion with a commonly cutting (4bp 
recognition sequence) restriction enzyme ('anchoring enzyme'), the 3' ends of the 
cDNA population are captured with streptavidin beads. The captured population is 
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split into two and different adaptors ligated to the 5 'ends of each group. Incorporated 
into the adaptors is a recognition sequence for a type IIS restriction enzyme — one 
which cuts DNA at a defined distance (< 20 bp) from its recognition sequence. 
Hence, following digestion of each captured cDNA population with the IIS enzyme, 
the adaptors plus a short piece of the captured cDNA are released. The two 
populations are then ligated and the products amplified. The amplified products are 
cleaved with the original anchoring enzyme, religated (concatomers are formed in 
the process) and cloned. The advantage of this system is that hundreds of gene tags 
can be identified by sequencing only a few clones. Furthermore, the number of times 
a given transcript is identified is a quantitative measurement of that gene's 
abundance in the original population, a feature which facilitates identification of 
differentially expressed genes in different cell populations. 

Some disadvantages of SAGE analysis include the technical difficulty of the 
method, a large amount of accurate sequencing is required, biased towards abundant 
mRNAs, has not been validated in the pharmaco/toxicogenomic setting and has 
only been used to examine well known tissue differences to date. 

Gene Expression Fingerprinting ( GEF) 

A different capture/restriction digest approach for isolating differentially 
expressed genes has been described by Ivanova and Belyavsky (1995). In this 
method, RNA is converted to cDNA using biotinylated oligo(dT) primers. The 
cDNA population is then digested with a specific endonuclease and captured with 
magnetic streptavidin microbeads to facilitate removal of the unwanted 5' digestion 
products. The use of restricted 3 "-ends alone serves to reduce the complexity of the 
cDNA fragment pool and helps to ensure that each RNA species is represented by 
not more than one restriction product. An adaptor is ligated to facilitate subsequent 
amplification of the captured population. PCR is carried out with one adaptor- 
specific and one biotinylated polydT primer. The reamplified population is 
recaptured and the non-biotinylated strands removed by alkaline dissociation. The 
non-biotinylated strand is then resynthesized using a different adaptor-specific 
primer in the presence of a radiolabeled dNTP. The labelled immobilized 3'cDNA 
ends are next sequentially treated with a series of different restriction endonucleases 
and the products from each digestion analysed by PAGE. The result is a fingerprint 
composed of a number of ladders (equal to the number of sequential digests used). 
By comparing test versus control fingerprints, it is possible to identify differentially 
expressed products which can then be isolated from the gel and cloned. The 
advantages of this procedure are that it is very robust and reproducible, and the 
authors estimate that 80-93% of cDNA molecules are involved in the final 
fingerprint. The disadvantage is that polyacrylamide gels can rarely resolve more 
than 300-400 bands, which compares poorly to the 1000 or more which are 
estimated to be produced in an average experiment. The use of 2-D gels such as 
those described by Uitterlinden et al. (1989) and Hatada et al. (1991) may help to 
overcome this problem. 

A similar method for displaying restriction endonuclease fragments was later 
described by Prashar and Weissman (1996). However, instead of sequential 
digestion of the immobolized 3'-terminal cDNA fragments, these authors simply 
compared the profiles of the control and treated populations without further 
manipulation. 
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Figure 9. Serial analysis of gene expression (SAGE) analysis. cDNA is cleaved with an anchoring enzyme 
(AE) and the 3'ends captured using streptavidin beads. The cDNA pool is divided in half and each 
portion ligated to a different linker, each containing a type IIS restriction site (tagging enzyme, 
TE). Restriction with the type IIS enzyme releases the linker plus a short length of cDNA 
(XXXXX and OOOOO indicate nucleotides of different tags). The two pools of tags are then 
ligated and amplified using linker-specific primers. Following PCR, the products are cleaved with 
the AE and the ditags isolated from the linkers using PAGE. The ditags are then ligated (during 
which process, concatenization occurs) and cloned into a vector of choice for sequencing. After 
Velculescu et al. (1995), with permission. 



674 



J. C. Rockett et al. 



DNA arrays 

'Open' differential display systems are cumbersome in that it takes a great deal 
of time to extract and identify candidate genes and then confirm that they are indeed 
up- or down-regulated in the treated compared to the control tissue. Normally, the 
latter process is carried out using Northern blotting or RT-PCR. Even so, each of 
the aforementioned steps produce a bottleneck to the ultimate goal of rapid analysis 
of gene expression. These problems will likely be addressed by the development of 
so-called DNA arrays (e.g. Gress et al. 1992, Zhao et al. 1995, Schena et al 1996), 
the introduction of which has signalled the next era in differential gene expression 
analysis. DNA arrays consist of a gridded membrane or glass 'chips' containing 
hundreds or thousands of DNA spots, each consisting of multiple copies of part of 
a known gene. The genes are often selected based on previously proven involvement 
in oncogenesis, cell cycling, DNA repair, development and other cellular processes. 
They are usually chosen to be as specific as possible for each gene and animal species. 
Human and mouse arrays are already commercially available and a few companies 
will construct a personalized array to order, for example Clontech Laboratories and 
Research Genetics Inc. The technique is rapid in that hundreds or even thousands 
of genes can be spotted on a single array, and that mRNA/cDNA from the test 
populations can be labelled and used directly as probe. When analysed with 
appropriate hardware and software, arrays offer a rapid and quantitative means to 
assess differences in gene expression between two cell populations. Of course, there 
can only be identification and quantitation of those genes which are in the array 
(hence the term 'closed' system). Therefore, one approach to elucidating the 
molecular mechanisms involved in a particular disease /development system may be 
to combine an open and closed system — a DNA array to directly identify and 
quantitate the expression of known genes in mRNA populations, and an open 
system such as SSH to isolate unknown genes which are differentially expressed. 

One of the main advantages of DNA arrays is the huge number of gene fragments 
which can be put on a membrane — some companies have reported gridding up to 
60000 spots on a single glass 'chip' (microscope slide). These high density chip- 
based micro-arrays will probably become available as mass-produced off-the-shelf 
items in the near future. This should facilitate the more rapid determination of 
differential expression in time and dose-response experiments. Aside from their 
high cost and the technical complexities involved in producing and probing DNA 
arrays, the main problem which remains, especially with the newer micro-array 
(gene-chip) technologies, is that results are often not wholly reproducible between 
arrays. However, this problem is being addressed and should be resolved within the 
next few years. 



EST databases as a means to identify differentially expressed genes 

Expressed sequence tags (ESTs) are partial sequences of clones obtained from 
cDNA libraries. Even though most ESTs have no formal identity (putative 
identification is the best to be hoped for), they have proven to be a rapid and efficient 
means of discovering new genes and can be used to generate profiles of gene- 
expression in specific cells. Since they were first described by Adams et al. (1991), 
there has been a huge explosion in EST production and it is estimated that there are 
now well over a million such sequences in the public domain, representing over half 
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of all human genes (Hillier et aL 1996). This large number of freely available 
sequences (both sequence information and clones are normally available royalty-free 
from the originators) has enabled the development of a new approach towards 
differential gene expression analysis as described by Vasmatzis et al. (1998). The 
approach is simple in theory: EST databases are first searched for genes that have a 
number of related EST sequences from the target tissue of choice, but none or few 
from non-target tissue libraries. Programmes to assist in the assembly of such sets of 
overlapping data may be developed in-house or obtained privately or from the 
internet. For example, the Institute for Genomic Research (TIGR, found at 
http:/ /Www. tigr.org) provides many software tools free of charge to the scientific 
community. Included amongst these is the TIGR assembler (Sutton et al. 1995), a 
tool for the assembly of large sets of overlapping data such as ESTs, bacterial 
artificial chromosomes (BAC)s, or small genomes. Candidate EST clones repre- 
senting different genes are then analysed using RNA blot methods for size and tissue 
specificity and, if required, used as probes to isolate and identify the full length 
cDNA clone for further characterization. In practice however, the method is rather 
more involved, requiring bioinformatic and computer analysis coupled with 
confirmatory molecular studies. Vasmatzis et al. (1998) have described several 
problems in this fledgling approach, such as separating highly homologous 
sequences derived from different genes and an overemphasis of specificity for some 
EST sequences. However, since these problems will largely be addressed by the 
development of more suitable computer algorithms and an increased completeness 
of the EST database, it is likely that this approach to identifying differentially 
expressed genes may enjoy more patronage in the future. 



Problems and potential of differential expression techniques 

The holistic or single cell approach ? 

When working with in vivo models of differential expression, one of the first 
issues to consider must be the presence of multiple cell types in any given specimen. 
For example, a liver sample is likely to contain not only hepatocytes, but also 
(potentially) Ito cells, bile ductule ceils, endothelial cells, various immune cells (e.g. 
lymphocytes, macrophages and Kupffer cells) and fibroblasts. Other tissues will 
each have their own distinctive cell populations. Also, in the case of neoplastic tissue, 
there are almost always normal, hyperplastic and/or dysplastic cells present in a 
sample. One must, therefore, be aware that genes obtained from a differential 
display experiment performed on an animal tissue model may not necessarily arise 
exclusively from the intended 'target' cells, e.g. hepatocytes/neoplastic cells. If 
appropriate, further analyses using immunohistochemistry, in situ hybridization or 
in situ RT-PCR should be used to confirm which cell types are expressing the 
gene(s) of interest. This problem is probably most acute for those studying the 
differential expression of genes in the development of different cell types, where 
there is a need to examine homologous cell populations. The problem is now being 
addressed at the National Cancer Institute (Bethesda, MD, USA) where new micro- 
disection techniques have been employed to assist in their gene analysis programme, 
the Cancer Genome Anatomy Project (CGAP) (For more information see web site: 
http : / ywww.ncbi.nlm.nih.gov/ncicgap /intro.html). There are also separation tech- 
niques available that utilise cell-specific antigens as a means to isolate target cells, 
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e.g. fluorescence activated cell sorting (FACS) (Dunbar et al. 1998, Kas-Deelen et 
al. 1998) and magnetic bead technology (Richard et al. 1998, Rogler et al. 1998). 

However, those taking a holistic approach may consider this issue unimportant. 
There is an equally appropriate view that all those genes showing altered expression 
within a compromized tissue should be taken into consideration. After all, since all 
tissues are complex mixes of different, interacting cell types which intimately 
regulate each other's growth and development, it is clear that each cell type could in 
some way contribute (positively or negatively) towards the molecular mechanisms 
which lie behind responses to external stimuli or neoplastic growth. It is perhaps 
then more informative to carry out differential display experiments using in vivo as 
opposed to in vitro models, where uniform populations of identical cells probably 
represent a partial, skewed or even inaccurate picture of the molecular changes that 
occur. 

The incidence and possible implications of inter-individual biological variation 
should be considered in any approach where whole animal models are being used. It 
is clear that individuals (humans and animals) respond in different ways to identical 
stimuli. One of the best characterized examples is the debrisoquine oxidation 
polymorphism, which is mediated by cytochrome CYP2D6 and determines the 
pharmacokinetics of many commonly prescribed drugs (Lennard 1993, Meyer and 
Zanger 1997). The reasons for such differences are varied and complex, but allelic 
variations, regulatory region polymorphisms and even physical and mental health 
can all contribute to observed differences in individual responses. Careful thought 
should, therefore, be given to the specific objectives of the study and to the possible 
value of pooling starting material (tissue/mRNA). The effect of this can be 
beneficial through the ironing out of exaggerated responses and unimportant minor 
fluctuations of (mechanistically) irrelevant genes in individual animals, thus 
providing a clearer overall picture of the general molecular mechanisms of the 
response. However, at the same time such minor variations may be of utmost 
importance in deciding the ability of individual animals to succumb to or resist the 
effects of a given chemical/disease. 



How efficient are differential expression techniques at recovering a high percentage of 
differentially expressed genes ? 

A number of groups have produced experimental data suggesting that mam- 
malian cells produce between 8000-15000 different mRNA species at any one time 
(Mechler and Rabbitts 1981, Hedrick et al. 1984, Bravo 1990), although figures as 
high as 20-30000 have also been quoted (Axel et al. 1976). Hedrick et al. (1984) 
provided evidence suggesting that the majority of these belong to the rare abundance 
class. A breakdown of this abundance distribution is shown in table 1. 

When the results of differential display experiments have been compared with 
data obtained previously using other methods, it is apparent that not all differentially 
expressed mRNAs are represented in the final display. In particular, rare messages 
(which, importantly, often include regulatory proteins) are not easily recovered 
using differential display systems. This is a major shortcoming, as the majority of 
mRNA species exist at levels of less than 0.005% of the total population (table 1). 
Bertioli et al. (1995) examined the efficiency of DD templates (heterogeneous 
mRNA populations) for recovering rare messages and were unable to detect mRNA 
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species present at less than 1.2% of the total mRNA population — equivalent to an 
intermediate or abundant species. Interestingly, when simple model systems (single 
target only) were used instead of a heterogeneous mRNA population, the same 
primers could detect levels of target mRNA down to 10000X smaller. These results 
are probably best explained by competition for substrates from the many PCR 
products produced in a DD reaction. 

The numbers of differentially expressed mRNAs reported in the literature using 
various model systems provides further evidence that many differentially expressed 
mRNAs are not recovered. For example, DeRisi et al. (1997) used DNA array 
technology to examine gene expression in yeast following exhaustion of sugar in the 
medium, and found that more than 1700 genes showed a change in expression of at 
least 2-fold. In light of such a finding, it would not be unreasonable to suggest that 
of the 8000-15 000 different mRNA species produced by any given mammalian cell, 
up to 1000 or more may show altered expression following chemical stimulation. 
Whilst this may be an extreme figure, it is known that at least 100 genes are 
activated /upregulated in Jurkat (T-) cells following IL-2 stimulation (Ullman et al. 
1990). In addition, Wan et al. (1996) estimated that interferon- /-stimulated HeLa 
cells differentially express up to 433 genes (assuming 24000 distinct mRNAs 
expressed by the cells). However, there have been few publications documenting 
anywhere near the recovery of these numbers. For example, in using DD to compare 
normal and regenerating mouse liver, Bauer et al. (1993) found only 70 of 38000 
total bands to be different. Of these, 50% (35 genes) were shown to correspond to 
differentially expressed bands. Chen et al. (1996) reported 10 genes upregulated in 
female rat liver following ethinyl estradiol treatment. McKenzie and Drake (1997) 
identified 14 different gene products whose expression was altered by phorbol 
myristate acetate (PMA, a tumour promoter agent) stimulation of a human 
myelomonocytic cell line. Kilty and Vickers (1997) identified 10 different gene 
products whose expression was upregulated in the peripheral blood leukocytes of 
allergic disease sufferers. Linskens et al. (1995) found 23 genes differentially 
expressed between young and senescent fibroblasts. Techniques other than DD 
have also provided an apparent paucity of differentially expressed genes. Using SH 
for example, Cao et al. (1997) found 15 genes differentially expressed in colorectal 
cancer compared to normal mucosal epithelium. Fitzpatrick et al. (1995) isolated 17 
genes upregulated in rat liver following treatment with the peroxisome proliferator, 
clofibrate; Philips et al. (1990) isolated 12 cDNA clones which were upregulated in 
highly metastatic mammary adenocarcinoma cell lines compared to poorly meta- 
static ones. Prashar and Weissman (1996) used 3' restriction fragment analysis and 
identified approximately 40 genes showing altered expression within 4 h of 
activation of Jurkat T-cells. Groenink and Leegwater (1996) analysed 27 gene 
fragments isolated using SSH of delayed early response phase of liver regeneration 
and found only 12 to be upregulated. 

In the laboratory, SSH was used to isolate up to 70 candidate genes which appear 
to show altered expression in guinea pig liver following short-term treatment with 
the peroxisome proliferator, WY-14,643 (Rockett, Swales, Esdaile and Gibson, 
unpublished observations). However, these findings have still to be confirmed by 
analysis of the extracted tissue mRNA for differential expression of these sequences. 

Whilst the latest differential display technologies are purported to include design 
and experimental modifications to overcome this lack of efficiency (in both the total 
number of differentially expressed genes recovered and the percentage that are true 
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positives), it is still not clear if such adaptations are practically effective — proving 
efficiency by spiking with a known amount of limited numbers of artificial 
construct(s) is one thing, but isolating a high percentage of the rare messages already 
present in an mRNA population is another. Of course, some models will genuinely 
produce only a small number of differentially expressed genes. In addition, there are 
also technical problems that can reduce efficiency. For example, mRNAs may have 
an unusual primary structure that effectively prevents their amplification by PCR- 
based systems. In addition, it is known that under certain circumstances not all 
mRNAs have 3'polyA sites. For example, during Xenopus development, deadenyl- 
ation is used as a means to stabilize RNAs (Voeltz and Steitz 1998), whilst 
preferential deadenylation may play a role in regulating Hsp70 (and perhaps, 
therefore, other stress protein) expression in Drosophila (Dellavalle et al. 1994). The 
presence of deadenylated mRNAs would clearly reduce the efficiency of systems 
utilizing a polydT reverse transcription step. The efficiency of any system also 
depends on the quality of the starting material. All differential display techniques 
use mRNA as their target material. However, it is difficult to isolate mRNA that is 
completely free of ribosomal RNA. Even if polydT primers are used to prime first 
strand cDNA synthesis, ribosomal RNA is often transcribed to some degree 
(Clontech PCR-Select cDNA Subtraction kit user manual). It has been shown, at 
least in the case of SSH, that a high rRNA:mRNA ratio can lead to inefficient 
subtractive hybridization (Clontech PCR-Select cDNA Subtraction kit user 
manual), and there is no reason to suppose that it will not do likewise in other SH 
approaches. Finally, those techniques that utilise a presubtraction amplification step 
(e.g. RDA) may present a skewed representation since some sequences amplify 
better than others. 

Of course, probably the most important consideration is the temporal factor. It 
is clear that any given differential display experiment can only interrogate a cell at 
one point in time. It may well be that a high percentage of the genes showing altered 
expression at that time are obtained. However, given that disease processes and 
responses to environmental stimuli involve dynamic cascades of signalling, 
regulation, production and action, it is clear that all those genes which are switched 
on /off at different times will not be recovered and, therefore, vital information may 
well be missed. It is, therefore, imperative to obtain as much information about the 
model system beforehand as possible, from which a strategy can be derived for 
targeting specific time points or events that are of particular interest to the 
investigator. One way of getting round this problem of single time point analysis is 
to conduct the experiment over a suitable time course which, of course, adds 
substantially to the amount of work involved. 



How sensitive are differential expression technologies? 

There has been little published data that addresses the issue of how large the 
change in expression must be for it to permit isolation of the gene in question with 
the various differential expression technologies. Although the isolation of genes 
whose expression is changed as little as 1.5-fold has been reported using SSH 
(Groenink and Leegwater 1996), it appears that those demonstrating a change in 
excess of 5-fold are more likely to be picked up. Thus, there is a 4 grey zone' 
in between where small changes could fade in and out of isolation between 
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experiments and animals. DD, on the other hand, is not subject to this grey 
zone since, unlike SH approaches, it does not amplify the difference in expression 
between two samples. Wan et al. (1996) reported that differences in expression of 
twofold or more are detectable using DD. 

Resolution and visualization of differential expression products 

It seems highly improbable with current technology that a gel system could be 
developed that is able to resolve all gene species showing altered expression in any 
given test system (be it SH- or DD-based). Polyacrylamide gel electrophoresis 
(PAGE) can resolve size differences down to 0.2% (Sambrook et al. 1989) and are 
used as standard in DD experiments. Even so, it is clear that a complex series of gene 
products such as those seen in a DD will contain unresolvable components. Thus, 
what appears to be one band in a gel may in fact turn out to be several. Indeed, it has 
been well documented (Mathieu-Daude et al. 1996, Smith et al. 1997) that a single 
band extracted from a DD often represents a composite of heterogeneous products, 
and the same has been found for SSH displays in this laboratory (Rockett et al. 
1997). One possible solution was offered by Mathieu-Daude et al. (1996), who 
extracted and reamplified candidate bands from a DD display and used single strand 
conformation polymorphism (SSCP) analysis to confirm which components 
represented the truly differentially expressed product. 

Many scientists often try to avoid the use of PAGE where possible because it is 
technically more demanding than agarose gel electrophoresis (AGE). Unfortunately, 
high resolution agarose gels such as Metaphor (FMC, Lichfield, UK) and AquaPor 
HR (National Diagnostics, Hessle, UK), whilst easier to prepare and manipulate 
than PAGE, can only separate DNA sequences which differ in size by around 
1.5-2% (15-20 base pairs for a 1Kb fragment). Thus, SSH, RDA or other such 
products which differ in size by less than this amount are normally not resolvable. 
However, a simple technique does in fact exist for increasing the resolving power of 
AGE — the inclusion of H A-red (10-phenyl neutral red-PEG ligand) or HA-yellow 
(bisbenzamide-PEG ligand) (Hanse Analytik GmbH, Bremen, Germany) in a 
gel separates identical or closely sized products on base content. Specifically, 
HA-red and -yellow selectively bind to GC and AT DNA motifs, respectively 
(Wawer et al. 1995, Hanse Analytik 1997, personal communication). Since both 
HA-stains possess an overall positive charge, they migrate towards the cathode 
when an electric field is applied. This is in direct opposition to DNA, which 
is negatively charged and, therefore, migrates towards the anode. Thus, if two 
DNA clones are identical in size (as perceived on a standard high resolution 
agarose gel), but differ in AT/GC content, inclusion of a HA-dye in the gel 
will effectively retard the migration of one of the sequences compared to the 
other, effectively making it apparently larger and, thus, providing a means of 
differentiating between the two. The use of HA-red has been shown to resolve 
sequences with an AT variation of less than 1 % (Wawer et al. 1995), whilst Hanse 
Analytik have reported that HA staining is so sensitive that in one case it was used 
to distinguish two 567bp sequences which differed by only a single point mutation 
(Hanse Analytik 1996, personal communication). Therefore, if one wishes to check 
whether all the clones produced from a specific band in a differential display 
experiment are derived from the same gene species, a small amount of reamplified 
or digested clone can be run on a standard high resolution gel, and a second aliquot 
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Figure 10. Discrimination of clones of identical/nearly identical size using HA-red. Bands of decreasing 
size (1-5) were extracted from the final display of a suppression subtractive hybridization 
experiment and cloned. Seven colonies were picked at random from each cloned band and their 
inserts amplified using PCR. The products were run on two gels, (A) a high resolution 2 % agarose 
gel, and (B) a high resolution 2% agarose gel containing 1 U/ml HA-red. With few exceptions, all 
the clones from each band appear to be the same size (gel A). However, the presence of HA-red 
(gel B), which separates identically-sized DNA fragments based on the percentage of GC within 
the sequence, clearly indicates the presence of different gene species within each band. For 
example, even though all five re-amplified clones of band 1 appear to be the same size, at least four 
different gene species are represented. 

in a similar gel containing one of the HA-stains. The standard gel should indicate 
any gross size differences, whilst the HA-stained gel should separate otherwise 
unresolvable species (on standard AGE) according to their base content. Geisinger 
et al. (1997) reported successful use of this approach for identifying DD-derived 
clones. Figure 10 shows such an experiment carried out in this laboratory on clones 
obtained from a band extracted from an SSH display. 

An alternative approach is to carry out a 2-D analysis of the differential display 
products. In this approach, size-based separation is first carried out in a standard 
agarose gel. The gel slice containing the display is then extracted and incorporated 
in to a HA gel for resolution based on AT/GC content. 

Of course, one should always consider the possibility of there being different 
gene species which are the same size and have the same GC/AT content. However, 
even these species are not unresolvable given some effort — again, one might use 
SS CP, or perhaps a denaturing gradient gel electrophoresis (DGGE) or temperature 
gradient field electrophoresis (TGGE) approach to resolve the contents of a band, 
either directly on the extracted band (Suzuki et al. 1991) or on the reamplifled 
product. 

The requirement of some differential display techniques to visualize large 
numbers of products (e.g. DD and GEF) can also present a problem in that, in terms 
of numbers, the resolution of PAGE rarely exceeds 300-400 bands. One approach to 
overcoming this might be to use 2-D gels such as those described by Uitterlinden et 
al (1989) and Hatada et al. (1991). 
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Extraction of differentially expressed bands from a gel can be complex since, in 
some cases (e.g. DD, GEF), the results are visualized by autoradiographic means, 
such that precise overlay of the developed film on the gel must occur if the correct 
band is to be extracted for further analysis. Clearly, a misjudged extraction can 
account for many man-hours lost. This problem , and that of the use of radioisotopes , 
has been addressed . by several groups. For example, Lohmann et al. (1995) 
demonstrated that silver staining can be used directly to visualize DD bands in 
horizontal PAGs. An et al. (1996) avoided the use of radioisotopes by transferring a 
small amount (20-30%) of the DNA from their DD to a nylon membrane, and 
visualizing the bands using chemiluminescent staining before going back to extract 
the remaining DNA from the gel. Chen and Peck (1996) went one step further and 
transferred the entire DD to a nylon membrane. The DNA bands were then 
visualized using a digoxigenin (DIG) system (DIG was attached to the polydT 
primers used in the differential display procedure). Differentially expressed bands 
were cut from the membrane and the DNA eluted by washing with PCR buffer prior 
to reamplification. 

One of the advantages of using techniques such as SSH and RD A is that the final 
display can be run on an agarose gel and the bands visualized with simple ethidium 
bromide staining. Whilst this approach can provide acceptable results, overstaining 
with SYBR Green I or SYBR Gold nucleic acid stains (FMC) effectively enhances 
the intensity and sharpness of the bands. This greatly aids in their precise extraction 
and often reveals some faint products that may otherwise be overlooked. Whilst 
differential displays stained with SYBR Green I are better visualized using short 
wavelength UV (254 nm) rather than medium wavelength (306 nm), the shorter 
wavelength is much more DNA damaging. In practice, it takes only a few seconds 
to damage DNA extracted under 254 nm irradiation, effectively preventing 
reamplification and cloning. The best approach is to overstain with SYBR Green I 
and extract bands under a medium wavelength UV transillumination. 

The possible use of 'microfingerprinting' to reduce complexity 

Given the sheer number of gene products and the possible complexity of each 
band, an alternative approach to rapid characterization may be to use an enhanced 
analysis of a small section of a differential display — a * sub-fingerprint* or 'micro- 
fingerprint \ In this case, one could concentrate on those bands which only appear 
in a particular chosen size region. Reducing the fingerprint in this way has at least 
two advantages. One is that it should be possible to use different gel types, 
concentrations and run times tailored exactly to that region. Currently, one might 
run products from 100-3000 + bp on the same gel, which leads to compromize in the 
gel system being used and consequently to suboptimal resolution, both in terms of 
size and numbers, and can lead to problems in the accurate excision of individual 
bands. Secondly, it may be possible to enhance resolution by using a 2-D analysis 
using a HA-stain, as described earlier. In summary, if a range of gene product sizes 
is carefully chosen to included certain 1 relevant* genes, the 2-D system standardized, 
and appropriate gene analysis used, it may be possible to develop a method for the 
early and rapid identification of compounds which have similar or widely different 
cellular effects. If the prognosis for exposure to one or more other chemicals which 
display a similar profile is already known, then one could perhaps predict similar 
effects for any new compounds which show a similar micro-fingerprint. 
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An alternative approach to microfingerprinting is to examine altered expression 
in specific families of genes through careful selection of PCR primers and/or post- 
reaction analysis. Stress genes, growth factors and/or their receptors, cell cycling 
genes, cytochromes P450 and regulatory proteins might be considered as candidates 
for analysis in this way. Indeed, some off-the-shelf DNA arrays (e.g. Clontech's 
Atlas cDNA Expression Array series) already anticipated this to some degree by 
grouping together genes involved in different responses e.g. apoptosis, stress, DNA- 
damage response etc. 



Screening 

False positives 

The generation of false positives has been discussed at length amongst the 
differential display community (Liang et al. 1993, 1995, Nishio etal. 1994, Sunet al. 
1994, Sompayrac et al. 1995). The reason for false positives varies with the 
technique being used. For instance, in RDA, the use of adaptors which have not 
been HPLC purified can lead to the production of false positives through illegitimate 
ligation events (O'Neill and Sinclair 1997), whilst in DD they can arise through 
PCR artifacts and illegitemate transcription of rRNA. In SH, false positives appear 
to be derived largely from abundant gene species, although some may arise from 
cDNA/mRNA species which do not undergo hybridization for technical reasons. 

A quick screening of putative differentially expressed clones can be carried out 
using a simple dot blot approach, in which labelled first strand probes synthesized 
from tester and driver mRNA are hybridized to an array of said clones (Hedrick et 
al. 1984, Sakaguchi et al. 1986). Differentially expressed clones will hybridize to 
tester probe, but not driver. The disadvantage of this approach is that rare species 
may not generate detectable hybridization signals. One option for those using SSH 
is to screen the clones using a labelled probe generated from the subtracted cDNA 
from which it was derived, and with a probe made from the reverse subtraction 
reaction (ClonTechniques 1997a). Since the SSH method enriches rare sequences, 
it should be possible to confirm the presence of clones representing low abundance 
genes. Despite this quick screening step, there is still the need to go back to the 
original mRNA and confirm the altered expression using a more quantitative 
approach. Although this may be achieved using Northern blots, the sensitivity is 
poor by today's high standards and one must rely on PCR methods for accurate and 
sensitive determinations (see below). 



Sequence analysis 

The majority of differential display procedures produce final products which are 
between 100 and lOOObp in size. However, this may considerably reduce the size of 
the sequence for analysis of the DNA databases. This in turn leads to a reduced 
confidence in the result — several families of genes have members whose DNA 
sequences are almost identical except in a few key stretches, e.g. the cytochrome 
P450 gene superfamily (Nelson et al. 1996). Thus, does the clone identified as being 
almost identical to gene X 0 really come from that gene, or its brother gene X, or its 
as yet undiscovered sister X 2 ? For example, using SSH, part of a gene was isolated, 



Differential gene expression 



683 



which was up-regulated in the liver of rats exposed to Wy-14,643 and was identified 
by a FASTA search as being transferrin (data not shown). However, transferrin is 
known to be downregulated by hypolipidemic peroxisome proliferators such as Wy- 
14,643 (Hertz et al. 1996), and this was confirmed with subsequent RT-PCR 
analysis. This suggests that the gene sequence isolated may belong to a gene which 
is closely related to transferrin, but is regulated by a different mechanism. 

A further problem associated with SH technology is redundancy. In most cases 
before SH is carried out, the cDNA population must first be simplified by restriction 
digestion. This is important for at least two reasons : 

(1) To reduce complexity — long cDNA fragments may form complex networks 
which prevent the formation of appropriate hybrids, especially at the high 
concentrations required for efficient hybridization. 

(2) Cutting the cDNAs into small fragments provides better representation of 
individual genes. This is because genes derived from related but distinct 
members of gene families often have similar coding sequences that may cross- 
hybridize and be eliminated during the subtraction procedure (Ko 1990). 
Furthermore, different fragments from the same cDNA may differ considerably 
in terms of hybridization and amplification and, thus, may not efficiently do one 
or the other (Wang and Brown 1991). Thus, some fragments from differentially 
expressed cDNAs may be eliminated during subtractive hybridization pro- 
cedures. However, other fragments may be enriched and isolated. As a 
consequence of this, some genes will be cut one or more times, giving rise to two 
or more fragments of different sizes. If those same genes are differentially 
expressed, then two or more of the different size fragments may come through 
as separate bands on the final differential display, increasing the observed 
redundancy and increasing the number of redundant sequencing reactions. 

Sequence comparisons also throw up another important point — at what degree 
of sequence similarity does one accept a result. Is 90% identitiy between a gene 
derived from your model species and another acceptably close? Is 95% between 
your sequence and one from the same species also acceptable? This problem is 
particularly relevant when the forward and reverse sequence comparisons give 
similar sequences with completely different gene species! An arbitrary decision 
seems to be to allocate genes that are definite (95% and above similarity) and then 
group those between 60 and 95% as being related or possible homologues. 

Quantitative analysis 

At some point, one must give consideration to the quantitative analysis of the 
candidate genes, either as a means of confirming that they are truly differentially 
expressed, or in order to establish just what the differences are. Northern blot 
analysis is a popular approach as it is relatively easy and quick to perform. However, 
the major drawback with Northern blots is that they are often not sensitive enough 
to detect rare sequences. Since the majority of messages expressed in a cell are of low 
abundance (see table 1), this is a major problem . Consequently, RT-PCR may be the 
method of choice for confirming differential expression. Although the procedure is 
somewhat more complex than Northern analysis, requiring synthesis of primers and 
optimization of reaction conditions for each gene species, it is now possible to set up 
high throughput PCR systems using mulitchannel pipettes, 96 +-well plates and 
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appropriate thermal cycling technology. Whilst quantitative analysis is more 
desirable, being more accurate and without reliance on an internal standard, the 
money and time needed to develop a competitor molecule is often excessive, 
especially when one might be examining tens or even hundreds of gene species. The 
use of semi-quantitative analysis is simpler, although still relatively involved. One 
must first of all choose an internal standard that does not change in the test cells 
compared to the controls. Numerous reference genes have been tried in the past, for 
example interferon-gamma (IFN-/, Frye et al. 1989), 0-actin (Heuval et al. 1994), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Wong et al. 1994), di- 
hydrofolate reductase (DHFR, Mohler and Butler 1991), /^-microglobulin (0-2- 
m, Murphy et al. 1990), hypoxanthine phosphoribosyl transferase (HPRT, Foss et 
al. 1998) and a number of others (ClonTechniques 1997b). Ideally, an internal 
standard should not change its level of expression in the cell regardless of cell age, 
stage in the cell cycle or through the effects of external stimuli. However, it has been 
shown on numerous occasions that the levels of most housekeeping genes currently 
used by the research community do in fact change under certain conditions and in 
different tissues (ClonTechniques 1997b). It is imperative, therefore, that pre- 
liminary experiments be carried out on a panel of housekeeping genes to establish 
their suitability for use in the model system. 

Interpretation of quantitative data must also be treated with caution. By 
comparing the lists of genes identified by differential expression one can perhaps 
gain insight into why two different species react in different ways to external stimuli. 
For example, rats and mice appear sensitive to the non-genotoxic effects of a wide 
range of peroxisome proliferators whilst Syrian hamsters and guinea pigs are largely 
resistant (Orton et al. 1984, Rodricks and Turnbull 1987, Lake et al. 1989, 1993, 
Makowska et al. 1992). A simplified approach to resolving the reason(s) why is to 
compare lists of up- and down-regulated genes in order to identify those which are 
expressed in only one species and, through background knowledge of the effects of 
the said gene, might suggest a mechanism of facilitated non-genotoxic carcinogenesis 
or protection. Of course, the situation is likely to be far more complex. Perhaps if 
there were one key gene protecting guinea pig from non-genotoxic effects and it was 
upregulated 50 times by PPs, the same gene might only be up-regulated five times 
in the rat. However, since both were noted to be upregulated, the importance of the 
gene may be overlooked. Just to complicate matters, a large change in expression 
does not necessarily mean a biologically important change. For example, what is the 
true relevance of gene Y which shows a 50-fold increase after a particular treatment, 
and gene Z which shows only a 5 -fold increase? If one examines the literature one 
may find that historically, gene Y has often been shown to be up-regulated 40-60- 
fold by a number of unrelated stimuli — in light of this the 50-fold increase would 
appear less significant. However, the literature may show that gene Z has never been 
recorded as having more than doubled in expression — which makes your 5-fold 
increase all the more exciting. Perhaps even more interesting is if that same 5-fold 
increase has only been seen in related neoplasms or following treatment with related 
chemicals. 

Problems in using the differential display approach 

Differential display technology originally held promise of an easily obtainable 
' fingerprint ' of those genes which are up- or down-regulated in test animals /cells in 
a developmental process or following exposure to given stimuli. However, it has 
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become clear that the fingerprinting process, whilst still valid, is much too complex 
to be represented by a single technique profile. This is because all differential display 
techniques have common and/or unique technical problems which preclude the 
isolation and identification of all those genes which show changes in expression. 
Furthermore, there are important genetic changes related to disease development 
which differential expression analysis is simply not designed to address. An example 
of this is the presence of small deletions, insertions, or point mutations such as those 
seen in activated oncogenes, tumour suppressor genes and individual poly- 
morphisms. Polymorphic variations, small though they usually are, are often 
regarded as being of paramount importance in explaining why some patients 
respond better than others to certain drug treatments (and, in logical extension, why 
some people are less affected by potentially dangerous xenobiotics /carcinogens than 
others). The identification of such point mutations and naturally occurring 
polymorphisms requires the subsequent application of sequencing, SSCP, DGGE 
or TGGE to the gene of interest. Furthermore, differential display is not designed 
to address issues such as alternatively spliced gene species or whether an increased 
abundance of mRNA is a result of increased transcription or increased mRNA 
stability. 



Conclusions 

Perhaps the main advantage of open system differential display techniques is that 
they are not limited by extant theories or researcher bias in revealing genes which are 
differentially expressed, since they are designed to amplify all genes which 
demonstrate altered expression. This means that they are useful for the isolation of 
previously unknown genes which may turn out be useful biomarkers of a particular 
state or condition. At least one open system (SAGE) is also quantitative, thus 
eliminating the need to return to the original mRNA and carry out Northern /PCR 
analysis to confirm the result. However, the rapid progress of genome mapping 
projects means that over the next 5-10 years or so, the balance of experimental use 
will switch from open to closed differential display systems, particularly DNA 
arrays. Arrays are easier and faster to prepare and use, provide quantitative data, are 
suitable for high throughput analysis and can be tailored to look at specific signalling 
pathways or families of genes. Identification of all the gene sequences in human and 
common laboratory animals combined with improved DNA array technology, 
means that it will soon no longer be necessary to try to isolate differentially expressed 
genes using the technically more demanding open system approach. Thus, their 
main advantage (that of identifying unknown genes) will be largely eradicated. It is 
likely, therefore, that their sphere of application will be reduced to analysis of the 
less common laboratory species, since it will be some time yet before the genomes of 
such animals as zebrafish, electric eels, gerbils, crayfish and squid, for example, will 
be sequenced. 

Of course, in the end the question will always remain: What is the functional/ 
biological significance of the identified, differentially expressed genes? One 
persistent problem is understanding whether differentially expressed genes are a 
cause or consequence of the altered state. Furthermore, many chemicals, such as 
non-genotoxic carcinogens, are also mitogens and so genes associated with 
replication will also be upregulated but may have little or nothing to do with the 
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carcinogenic effect. Whilst differential display technology cannot hope to answer 
these questions, it does provide a springboard from which identification, regulatory 
and functional studies can be launched. Understanding the molecular mechanism of 
cellular responses is almost impossible without knowing the regulation and function 
of those genes and their condition (e.g. mutated). In an abstract sense, differential 
display can be likened to a still photograph, showing details of a fixed moment in 
time. Consider the Historian who knows the outcome of a battle and the placement 
and condition of the troops before the battle commenced, but is asked to try and 
deduce how the battle progressed and why it ended as it did from a few still 
photographs — an impossible task. In order to understand the battle, the Historian 
must find out the capabilities and motivation of the soldiers and their commanding 
officers, what the orders were and whether they were obeyed. He must examine the 
terrain, the remains of the battle and consider the effects the prevailing weather 
conditions exerted. Likewise, if mechanistic answers are to be forthcoming, the 
scientist must use differential display in combination with other techniques, such as 
knockout technology, the analysis of cell signalling pathways, mutation analysis and 
time and dose response analyses. Although this review has emphasized the 
importance of differential gene profiling, it should not be considered in isolation and 
the full impact of this approach will be strengthened if used in combination with 
functional genomics and proteomics (2-dimensional protein gels from isoelectric 
focusing and subsequent SDS electrophoresis and virtual 2D -maps using capillary 
electrophoresis). Proteomics is attracting much recent attention as many of the 
changes resulting in differential gene expression do not involve changes in mRNA 
levels, as decribed extensively herein, but rather protein-protein, protein-DNA and 
protein phosphorylation events which would require functional genomics or 
proteomic technologies for investigation. 

Despite the limitations of differential display technology, it is clear that many 
potential applications and benefits can be obtained from characterizing the genetic 
changes that occur in a cell during normal and disease development and in response 
to chemical or biological insult. In light of functional data, such profiling will 
provide a ' fingerprint ' of each stage of development or response, and in the long 
term should help in the elucidation of specific and sensitive biomarkers for different 
types of chemical /biological exposure and disease states. The potential medical and 
therapeutic benefits of understanding such molecular changes are almost im- 
measurable. Amongst other things, such fingerprints could indicate the family or 
even specific type of chemical an individual has been exposed to plus the length 
and/or acuteness of that exposure, thus indicating the most prudent treatment. 
They may also help uncover differences in histologically identical cancers, provide 
diagnostic tests for the earliest stages of neoplasia and, again, perhaps indicate the 
most efficacious treatment. 

The Human Genome Project will be completed early in the next century and the 
DNA sequence of all the human genes will be known. The continuing development 
and evolution of differential gene expression technology, will ensure that this 
knowledge contributes fully to the understanding of human disease processes. 
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ABSTRACT The recent ability to sequence whole genomes 
allows ready access to all genetic material. The approaches 
outlined here allow automated analysis of sequence for the 
synthesis of optimal primers in an automated multiplex 
oligonucleotide synthesizer (AMOS). The efficiency is such 
that all ORFs for an organism can be amplified by PCR. The 
resulting amplicons can be used directly in the construction of 
DNA arrays or can be cloned for a large variety of functional 
analyses. These tools allow a replacement of single-gene 
analysis with a highly efficient whole-genome analysis. 

The genome sequencing projects have generated and will 
continue to generate enormous amounts of sequence data. The 
genomes of Saccharomyces cerevisiae, Escherichia coli, Hae- 
mophilus influenzae (1), Mycoplasma genitalium (2), and Meth- 
anococcus jannaschii (3) have been completely sequenced. 
Other model organisms have had substantial portions of their 
genomes sequenced as well, including the nematode Caeno- 
rhabditis elegans (4) and the small flowering plant Arabidopsis 
thaliana (5). This massive and increasing amount of sequence 
information allows the development of novel experimental 
approaches to identify gene function. 

One standard use of genome sequence data is to attempt to 
identify the functions of predicted open reading frames 
(ORFs) within the genome by comparison to genes of known 
function. Such a comparative analysis of all ORFs to existing 
sequence data is fast, simple, and requires no experimentation 
and is therefore a reasonable first step. While finding sequence 
homologies/motifs is not a substitute for experimentation, 
noting the presence of sequence homology and/or sequence 
motifs can be a useful first step in finding interesting genes, in 
designing experiments and, in some cases, predicting function. 
However, this type of analysis is frequently uninformative. For 
example, over one-half of new ORFs in S. cerevisiae have no 
known function (6). If this is the case in a well studied organism 
such as yeast, the problem will be even worse in organisms that 
are less well studied or less manipulate. A large, experimen- 
tally determined gene function database would make homol- 
ogy/motif searches much more useful. 

Experimental analysis must be performed to thoroughly 
understand the biological function of a gene product. Scaling 
up from classical "cottage industry" one-gene-oriented ap- 
proaches to whole-genome analysis would be very expensive 
and laborious. It is clear that novel strategies are necessary to 
efficiently pursue the next phase of the genome projects— 
whole-genome experimental analysis to explore gene expres- 
sion, gene product function, and other genome functions. 
Model organisms, such as S. cerevisiae, will be extremely 
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important in the development of novel whole-genome analysis 
techniques and, subsequently, in improving our understanding 
of other more complex and less manipulate organisms. 

The genome sequence can be systematically used as a tool 
to understand ORFs, gene product function, and other ge- 
nome regions. Toward this end, a directed strategy has been 
developed for exploiting sequence information as a means of 
providing information about biological function (Fig. 1). Ef- 
forts have been directed toward the amplification of each 
predicted ORF or any other region of the genome ranging 
from a few base pairs to several kilobase pairs. There are many 
uses for these amplicons— they can be cloned into standard 
vectors or specialized expression vectors, or can be cloned into 
other specialized vectors such as those used for two-hybrid 
analysis. The amplicons can also be used directly by, for 
example, arraying onto glass for expression analysis, for DNA 
binding assays, or for any direct DNA assay (7). As a pilot 
study, synthetic primers were made on the 96-weil automated 
multiplex oligonucleotide synthesizer (AMOS) instrument (8) 
(Fig. 2). These oligonucleotides were used to amplify each 
ORF on yeast chromosome V. The current version of this 
instrument can synthesize three plates of 96 oligonucleotides 
each (25 bases) in an 8-hr day. The amplification of the entire 
set of PCR products was then analyzed by gel electrophoresis 
(Fig. 3). Successful amplification of the proper length product 
on the first attempt was 95%. This project demonstrates that 
one can go directly from sequence information to biological 
analysis in a truly automated, totally directed manner. 

These amplicons can be incorporated directly in arrays or 
the amplicons can be cloned. If the amplicons are to be cloned, 
novel sequences can be incorporated at the 5' end of the 
oligonucleotide to facilitate cloning. One potential problem 
with cloning PCR products is that the cloned amplicons may 
contain sequence alterations that diminish their utility. One 
option would be to resequence each individual amplicon. 
However, this is expensive, inefficient, and time consuming. A 
faster, more cost-effective, and more accurate approach is to 
apply comparative sequencing by denaturing HPLC (9). This 
method is capable of detecting a single base change in a 2-kb 
heteroduplex. Longer amplicons can be analyzed by use of 
appropriate restriction fragments. If any change is detected in 
a clone, an alternate clone of the same region can be analyzed. 
Modifying the system to allow high throughput analysis by 
denaturing HPLC is also relatively simple and straightforward. 

If amplicons are used directly on arrays without cloning, it 
is important to note that, even if single PCR product bands are 
observed on gels, the PCR products will be contaminated with 
various amounts of other sequences. This contamination has 
the potential to affect the results in, for example, expression 
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Fir,. 1. Overview of systematic method for isolating individual 
genes. Sequence information is obtained automatically from sequence 
databases. The data are input into primer selection software specifi- 
cally designed to target ORFs as designated by database annotations. 
The output file containing the primer information is directly read by 
a high-throughput oligonucleotide synthesizer, which makes the oli- 
gonucleotides in 96-well plates (AMOS, automated multiplex oligo- 
nucleotide synthesizer). The forward and reverse primers are synthe- 
sized in the same location on separate plates to facilitate the down- 
stream handling of primers. The amplicons are generated by PCR in 
96-well plates as well. 

analysis. On the other hand, direct use of the amplicons is 
much less labor intensive and greatly decreases the occurrence 
of mistakes in clone identification, a ubiquitous problem 
associated with large clone set archiving and retrieving. 

Any large-scale effort to capture each ORF within a genome 
must rely on automation if cost is to be minimized while 
efficiency is maximized. Toward that end, primers targeting 
ORFs were designed automatically using simple new scripts 
and existing primer selection software. These script-selected 
primer sequences were directly read by the high-throughput 
synthesizer and the forward and reverse primers were synthe- 
sized in separate plates in corresponding wells to facilitate 
automated pipetting and PCR amplifications. Each of the 
resulting PCR products, generated with minimum labor, con- 
tains a known, unique ORF. 

Large-scale genome analysis projects are dependent on 
newly emerging technologies to make the studies practical and 
economically feasible. For example, the cost of the primers, a 
significant issue in the past, has been reduced dramatically to 
make feasible this and other projects that require tens of 
thousands o( oligonucleotides. Other methods of high- 
throughput analysis are also vital to the success of functional 
analysis projects, such as microarraying and oligonucleotide 
chip methods (10-14). 

Changes in attitude are also required. One of the major costs 
of commercial oligonucleotides is extensive quality control 
such that virtually 100% of the supplied oligonucleotides are 
successfully synthesized and work for their intended purpose. 
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Fir,. 2. Overall approach for using database of a genome to direct 
biological analysis. The synthesis of the 6,000 ORFs (orfs) for each 
gene of S. cerevisiae can be used in many applications utilizing both 
cloning and microarraying technology. 

Considerable cost reduction can be obtained by simply de- 
creasing the expected successful synthesis rate to 95-97%. One 
can then achieve faster and cheaper whole genome coverage by 
simply adding a single quality control at the end of the 
experiment and batching the failures for resynthesis. 

The directed nature of the amplicon approach is of clear 
advantage. The sequence of each ORF is analyzed automati- 
cally, and unique specific primers are made to target each 
ORF. Thus, there is relatively little time or labor involved— for 
example, no random cloning and subsequent screening is 
required because each product is known. In the test system, 
primers for 240 ORFs from chromosome V were systematically 
synthesized, beginning from the left arm and continuing 
through to the right arm. At no point was there any manual 
analysis of sequence information to generate the collection. In 
many ways, now that the sequence is known, there is no need 
for the researcher to examine it. 

These amplicons can be arrayed and expression analysis can 
be done on all arrayed ORFs with a single hybridization (10). 
Those ORFs that display significant differential expression 
patterns under a given selection are easily identified without 
the laborious task of searching for and then sequencing a clone. 
Once scaled up, the procedure provides even greater returns 
on effort, because a single hybridization will ultimately provide 
a "snapshot" of the expression of all genes in the yeast genome. 
Thus, the limiting factor in whole genome analysis will not be 
the analysis process itself, but will instead be the ability of 
researchers to design and carry out experimental selections. 

Current expression and genetic analysis technologies are 
geared toward the analysis of single genes and are ill suited to 
analyze numerous genes under many conditions. Additional 
difficulties with current technologies include: the effort and 
expense required to analyze expression and make mutants, the 
potential duplication of effort if done by different laboratories, 
and the possibility of conflicting results obtained from differ- 
ent laboratories. In contrast, whole genome analysis not only 
is more efficient, it also provides data of much higher quality; 
all genes are assayed and compared in parallel under exactly 
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the same conditions. In addition, amplicons have many appli- 
cations beyond gene expression. For example, one recent 
approach is to incorporate a unique DNA sequence tag, 
synthesized as part of each gene specific primer, during 
amplification. The tags or molecular bar codes, when reintro- 
duced into the organism as a gene deletion or as a gene clone, 
can be used much more efficiently than individual mutations 
or clones because pools of lagged mutants or transformants 
can be analyzed in parallel. This parallel analysis is possible 
because the tags are readily and quantitatively amplified even 
in complex mixtures of tags (13). 

These ORF genome arrays and oligonucleotide tagged 
libraries can be used for many applications. Any conventional 
selection applied to a library that gives discrete or multiple 
products can use these technologies for a simple direct read- 
out. These include screens and selections for mutant comple- 
mentation, overexpression suppression (15, 16), second-site 
suppressors, synthetic lethality, drug target overexpression 
( 1 7), two-hybrid screens (18), genome mismatch scann ing (19), 
or recombination mapping. 

The genome projects have provided researchers with a vast 
amount of information. These data must be used efficiently 
and systematically to gain a truly comprehensive understand- 
ing of gene function and, more broadly, of the entire genome 
which can then be applied to other organisms. Such global 
approaches are essential if we are to gain an understanding of 
the living cell. This understanding should come from the 
viewpoint of the integration of complex regulatory networks, 
the individual roles and interactions of thousands of functional 
gene products, and the effect of environmental changes on 
both gene regulatory networks and the roles of all gene 
products. The time has come to switch from the analysis of a 
single gene to the analysis of the whole genome. 

Support was provided by National Institutes of Health Grants 
R37H60198 and P01H600205. 
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INTRODUCTION 

Technological advancements combined with in- 
tensive DNA sequencing efforts have generated an 
enormous database of sequence information over the 
past decade. To date, more than 3 million sequences, 
totaling over 2.2 billion bases [1], are contained 
within the GenBank database, which includes the 
complete sequences of 19 different organisms [2]. The 
first complete sequence of a free-living organism, 
Haemophilus influenzae, was reported in 1995 [3] and 
was followed shortly thereafter by the first complete 
sequence of a eukaryote, Saccharomyces cervisiae [4]. 
The development of dramatically improved sequenc- 
ing methodologies promises that complete elucida- 
tion of the Homo sapiens DNA sequence is not far 
behind [5]. 

To exploit more fully the wealth of new sequence 
information, it was necessary to develop novel meth- 
ods for the high-throughput or parallel monitoring 
of gene expression. Established methods such as 
northern blotting, RNAse protection assays, SI nu- 
clease analysis, plaque hybridization, and slot blots 
do not provide sufficient throughput to effectively 
utilize the new genomics resources. Newer methods 
such as differential display [6], high-density filter 
hybridization [7,8], serial analysis of gene expression 
[9], and cDNA- and oligonucleotide-based microarray 
"chip" hybridization [10-12] are possible solutions 
to this bottleneck. It is our belief that the microarray 
approach, which allows the monitoring of expres- 
sion levels of thousands of genes simultaneously, is 
a tool of unprecedented power for use in toxicology 
studies. 



Almost without exception, gene expression is al- 
tered during toxicity, as either a direct or indirect 
result of toxicant exposure. The challenge facing 
toxicologists is to define, under a given set of ex- 
perimental conditions, the characteristic and spe- 
cific pattern of gene expression elicited by a given 
toxicant. Microarray technology offers an ideal plat- 
form for this type of analysis and could be the foun- 
dation for a fundamentally new approach to 
toxicology testing. 

MICROARRAY DEVELOPMENT AND APPLICATIONS 

cDNA Microarrays 

In the past several years, numerous systems were 
developed for the construction of large-scale DNA 
arrays. All of these platforms are based on cDNAs 
or oligonucleotides immobilized to a solid sup- 
port. In the cDNA approach, cDNA (or genomic) 
clones of interest are arrayed in a multi-well for- 
mat and amplified by polymerase chain reaction. 
The products of this amplification, which are usu- 
ally 500- to 2000-bp clones from the 3' regions of 
the genes of interest, are then spotted onto solid 
support by using high-speed robotics. By using 
this method, microarrays of up to 10 000 clones 
can be generated by spotting onto a glass substrate 
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[13,14]. Sample detection for microarrays on glass 
involves the use of probes labeled with fluores- 
cent or radioactive nucleotides. 

Fluorescent cDNA probes are generated from con- 
trol and test RNA samples in single-round reverse-tran- 
scription reactions in the presence of fluorescently 
tagged dUTP (e.g., Cy3-dUTP and Cy5-dUTP), which 
produces control and test products labeled with dif- 
ferent fluors. The cDNAs generated from these two 
populations, collectively termed the "probe," are then 
mixed and hybridized to the array under a glass cov- 
erslip [10,11,15]. The fluorescent signal is detected 
by using a custom-designed scanning confocal mi- 
croscope equipped with a motorized stage and lasers 
for fluor excitation [10,11,15]. The data are analyzed 
with custom digital image analysis software that de- 
termines for each DNA feature the ratio of fluor 1 to 
fluor 2, corrected for local background [16,17]. The 
strength of this approach lies in the ability to label 
RNAs from control and treated samples with differ- 
ent fluorescent nucleotides, allowing for the simul- 
taneous hybridization and detection of both 
populations on one microarray. This method elimi- 
nates the need to control for hybridization between 
arrays. The research groups of Drs. Patrick Brown and 
Ron Davis at Stanford University spearheaded the 
effort to develop this approach, which has been suc- 
cessfully applied to studies of Arabidopsis thaliana 
RNA [10], yeast genomic DNA [15], tumorigenic ver- 
sus non-tumorigenic human tumor cell lines [11], 
human T-celis [18], yeast RNA [19], and human in- 
flammatory disease-related genes [20]. The most dra- 
matic result of this effort was the first published 
account of gene expression of an entire genome, that 
of the yeast Saccharomyces cervisiae [21]. 

In an alternative approach, large numbers of cDNA 
clones can be spotted onto a membrane support, al- 
beit at a lower density [7,22]. This method is useful 
for expression profiling and large-scale screening and 
mapping of genomic or cDNA clones [7,22-24]. In 
expression profiling on filter membranes, two dif- 
ferent membranes are used simultaneously for con- 
trol and test RNA hybridizations, or a single 
membrane is stripped and reprobed. The signal is 
detected by using radioactive nucleotides and visu- 
alized by phosphorimager analysis or autoradiogra- 
phy. Numerous companies now sell such cDNA 
membranes and software to analyze the image data 
[25-27]. 

Oligonucleotide Microarrays 

Oligonucleotide microarrays are constructed either 
by spotting prefabricated oligos on a glass support 
[13] or by the more elegant method of direct in situ 
oligo synthesis on the glass surface by photolithog- 
raphy [28-30]. The strength of this approach lies in 
its ability to discriminate DNA molecules based on 
single base-pair difference. This allows the applica- 
tion of this method to the fields of medical diagnos- 



tics, pharmacogenetics, and sequencing by hybrid- 
ization as well as gene-expression analysis. 

Fabrication of oligonucleotide chips by photoli- 
thography is theoretically simple but technically 
complex [29,30]. The light from a high -intensity 
mercury lamp is directed through a photolitho- 
graphic mask onto the silica surface, resulting in 
deprotection of the terminal nucleotides in the illu- 
minated regions. The entire chip is then reacted with 
the desired free nucleotide, resulting in selected chain 
elongation. This process requires only 4n cycles 
(where n = oligonucleotide length in bases) to syn- 
thesize a vast number of unique oligos, the total num- 
ber of which is limited only by the complexity of the 
photolithographic mask and the chip size [29,31,32]. 

Sample preparation involves the generation of 
double-stranded cDNA from cellular poly(A)+ RNA 
followed by antisense RNA synthesis in an in vitro 
transcription reaction with biotinylated or fluor- 
tagged nucleotides. The RNA probe is then frag- 
mented to facilitate hybridization. If the indirect 
visualization method is used, the chips are incubated 
with fluor-linked streptavidin (e.g., phycoerythrin) 
after hybridization [12,33]. The signal is detected with 
a custom confocal scanner [34]. This method has 
been applied successfully to the mapping of genomic 
library clones [35], to de novo sequencing by hybrid- 
ization [28,36], and to evolutionary sequence com- 
parison of the BRCA1 gene [37]. In addition, 
mutations in the cystic fibrosis [38] and BRCA1 [39] 
gene products and polymorphisms in the human im- 
munodeficiency virus- 1 clade B protease gene [40] 
have been detected by this method. Oligonucleotide 
chips are also useful for expression monitoring [33] 
as has been demonstrated by the simultaneous evalu- 
ation of gene-expression patterns in nearly all open 
reading frames of the yeast strain 5. cerevisiae [12]. 
More recently, oligonucleotide chips have been used 
to help identify single nucleotide polymorphisms in 
the human [41] and yeast [42] genomes. 

THE USE OF MICROARRAYS IN TOXICOLOGY 

Screening for Mechanism of Action 

The field of toxicology uses numerous in vivo 
model systems, including the rat, mouse, and rab- 
bit, to assess potential toxicity and these bioassays 
are the mainstay of toxicology testing. However, in 
the past several decades, a plethora of in vitro tech- 
niques have been developed to measure toxicity, 
many of which measure toxicant-induced DNA dam- 
age. Examples of these assays include the Ames test, 
the Syrian hamster embryo cell transformation as- 
say, micronucleus assays, measurements of sister 
chromatid exchange and unscheduled DNA synthe- 
sis, and many others. Fundamental to all of these 
methods is the fact that toxicity is often preceded 
by, and results in, alterations in gene expression. In 
many cases, these changes in gene expression are a 
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far more sensitive, characteristic, and measurable 
endpoint than the toxicity itself. We therefore pro- 
pose that a method based on measurements of the 
genome- wide gene expression pattern of an organ- 
ism after toxicant exposure is fundamentally infor- 
mative and complements the established methods 
described above. 

We are developing a method by which toxicants 
can be identified and their putative mechanisms of 
action determined by using toxicant-induced gene ex- 
pression profiles. In this method, in one or more de- 
fined model systems, dose and time-course parameters 
are established for a series of toxicants within a given 
prototypic class (e.g., polycyclic aromatic hydrocar- 
bons (PAHs)). Cells are then treated with these agents 
at a fixed toxicity level (as measured by cell survival), 
RNA is harvested, and toxicant-induced gene expres- 
sion changes are assessed by hybridization to a cDNA 
microarray chip (Figure 1). We have developed a cus- 
tom DNA chip, called ToxChip vl.O, specifically for 
this purpose and will discuss it in more detail below. 
The changes in gene expression induced by the test 
agents in the model systems are analyzed, and the 
common set of changes unique to that class of toxi- 
cants, termed a toxicant signature, is determined. 

This signature is derived by ranking across all ex- 
periments the gene-expression data based on rela- 

Control 
Population 



tive fold induction or suppression of genes in treated 
samples versus untreated controls and selecting the 
most consistently different signals across the sample 
set. A different signature may be established for each 
prototypic toxicant class. Once the signatures are de- 
termined, gene-expression profiles induced by un- 
known agents in these same model systems can then 
be compared with the established signatures. A match 
assigns a putative mechanism of action to the test 
compound. Figure 2 illustrates this signature method 
for different types of oxidant stressors, PAHs, and 
peroxisome prolif era tors. In this example, the un- 
known compound in question had a gene-expres- 
sion profile similar to that of the oxidant stressors in 
the database. We anticipate that this general method 
will also reveal cross talk between different pathways 
induced by a single agent (e.g., reveal that a com- 
pound has both PAH-like and oxidant-like proper- 
ties). In the future, it may be necessary to distinguish 
very subtle differences between compounds within 
a very large sample set (e.g., thousands of highly simi- 
lar structural isomers in a combinatorial chemistry 
library or peptide library). To generate these highly 
refined signatures, standard statistical clustering tech- 
niques or principal-component analysis can be used. 

For the studies outlined in Figure 2, we developed 
the custom cDNA microarray chip ToxChip vl.O. 
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Figure 1. Simplified overview of the method for sample trative purposes, samples derived from cell culture are depicted, 
preparation and hybridization to cDNA microarrays. For illus- although other sample types are amenable to this analysis. 
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Figure 2. Schematic representation of the method for iden- 
tification of a toxicant's mechanism of action. In this method, 
gene-expression data derived from exposure of model sys- 
tems to known toxicants are analyzed, and a set of changes 
characteristic to that type of toxicant (termed the toxicant 
signature) is identified. As depicted, oxidant stressors produce 



consistent changes in group A genes (indicated by red and 
green circles), but not group B or C genes (indicated by gray 
circles). The set of gene-expression changes elicited by the 
suspected toxicant is then compared with these characteristic 
patterns, and a putative mechanism of action is assigned to 
the unknown agent. 



The 2090 human genes that comprise this subarray 
were selected for their well-documented involve- 
ment in basic cellular processes as well as their re- 
sponses to different types of toxic insult. Included 
on this list are DNA replication and repair genes, 
apoptosis genes, and genes responsive to PAHs and 
dioxin-like compounds, peroxisome proliferators, 
estrogenic compounds, and oxidant stress. Some of 
the other categories of genes include transcription 
factors, oncogenes, tumor suppressor genes, cyclins, 
kinases, phosphatases, cell adhesion and motility 
genes, and homeobox genes. Also included in this 
group are 84 housekeeping genes, whose hybridiza- 
tion intensity is averaged and used for signal nor- 
malization of the other genes on the chip. To date, 
very few toxicants have been shown to have appre- 
ciable effects on the expression of these housekeep- 
ing genes. However, this housekeeping list will be 
revised if new data warrant the addition or deletion 
of a particular gene. Table 1 contains a general de- 
scription of some of the different classes of genes 
that comprise ToxChip vl.O. 

When a toxicant signature is determined, the 
genes within this signature are flagged within the 
database. When uncharacterized toxicants are then 
screened, the data can be quickly reformatted so that 
blocks of genes representing the different signatures 



are displayed [11]. This facilitates rapid, visual in- 
terpretation of data. We are also developing Tox- 
Chip v2.0 and chips for other model systems, 
including rat, mouse, Xenopus, and yeast, for use in 
toxicology studies. 

Animal Models in Toxicology Testing 

The toxicology community relies heavily on the 
use of animals as model systems for toxicology test- 
ing. Unfortunately, these assays are inherently ex- 
pensive, require large numbers of animals and take a 
long time to complete and analyze. Therefore, the 
National Institute of Environmental Health Sciences 
(NIEHS), the National Toxicology Program, and the 
toxicology community at large are committed to re- 
ducing the number of animals used, by developing 
more efficient and alternative testing methodologies. 
Although substantial progress has been made in the 
development of alternative methods, bioassays are 
still used for testing endpoints such as neurotoxic- 
ity, immunotoxicity, reproductive and developmen- 
tal toxicology, and genetic toxicology. The rodent 
cancer bioassay is a particularly expensive and time- 
consuming assay, as it requires almost 4 yr, 1200 
animals, and millions of dollars to execute and ana- 
lyze [43]. In vitro experiments of the type outlined 
in Figure 2 might provide evidence that an unknown 
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Table 1. ToxChip v1.0: A Human cDNA Microarray 
Chip Designed to Detect Responses to Toxic Insult 

No. of genes 



Gene category on chip 



Apoptosis 72 
DNA replication and repair 99 
Oxidative stress/redox homeostasis 90 
Peroxisome proliferator responsive 22 
Dioxin/PAH responsive 12 
Estrogen responsive 63 
Housekeeping 84 
Oncogenes and tumor suppressor genes 76 
Cell-cycle control 51 

Transcription factors 131 

Kinases 276 
Phosphatases 88 
Heat-shock proteins 23 

Receptors 349 

Cytochrome P450s 30_ 



*This list is intended as a general guide. The gene categories are not 
unique, and some genes are listed in multiple categories. 

agent is (or is not) responsible for eliciting a given 
biological response. This information would help to 
select a bioassay more specifically suited to the agent 
in question or perhaps suggest that a bioassay is not 
necessary, which would dramatically reduce cost, 
animal use, and time. 

The addition of microarray techniques to stan- 
dard bioassays may dramatically enhance the sen- 
sitivity and interpretability of the bioassay and 
possibly reduce its cost. Gene-expression signatures 
could be determined for various types of tissue-spe- 
cific toxicants, and new compounds could be 
screened for these characteristic signatures, provid- 
ing a rapid and sensitive in vivo test. Also, because 
gene expression is often exquisitely sensitive to low 
doses of a toxicant, the combination of gene-expres- 
sion screening and the bioassay might allow the use 
of lower toxicant doses, which are more relevant to 
human exposure levels, and the use of fewer ani- 
mals. In addition, gene-expression changes are nor- 
mally measured in hours or days, not in the months 
to years required for tumor development. Further- 
more, microarrays might be particularly useful for 
investigating the relationship between acute and 
chronic toxicity and identifying secondary effects 
of a given toxicant by studying the relationship 
between the duration of exposure to a toxicant and 
the gene-expression profile produced. Thus, a bio- 
assay that incorporates gene-expression signatures 
with traditional endpoints might be substantially 
shorter, use more realistic dose regimens, and cost 
substantially less than the current assays do. 

These considerations are also relevant for branches 
of toxicology not related to human health and not 
using rodents as model systems, such as aquatic toxi- 
cology and plant pathology. Bioassays based on the 
flathead minnow, Daphnxa, and Arabadopsis could 



also be improved by the addition of microarray analy- 
sis. The combination of microarrays with traditional 
bioassays might also be useful for investigating some 
of the more intractable problems in toxicology re- 
search, such as the effects of complex mixtures and 
the difficulties in cross-species extrapolation. 

Exposure Assessment, Environmental Monitoring, 
and Drug Safety 

The currently used methods for assessment of ex- 
posure to chemical toxicants are based on measure- 
ment of tissue toxin levels or on surrogate markers 
of toxicity, termed biomarkers (e.g., peripheral blood 
levels of hepatic enzymes or DNA adducts). Because 
gene expression is a sensitive endpoint, gene expres- 
sion as measured with microarray technology may 
be useful as a new biomarker to more precisely iden- 
tify hazards and to assess exposure. Similarly, 
microarrays could be used in an environmental- 
monitoring capacity to measure the effect of poten- 
tial contaminants on the gene-expression profiles 
of resident organisms. In an analogous fashion, 
microarrays could be used to measure gene-expres- 
sion endpoints in subjects in clinical trials. The com- 
bination of these gene-expression data and more 
established toxic endpoints in these trials could be 
used to define highly precise surrogates of safety. 

Gene-expression profiles in samples from exposed 
individuals could be compared to the profiles of the 
same individuals before exposure. From this infor- 
mation, the nature of the toxic exposure can be de- 
termined or a relative clinical safety factor estimated. 
In the future it may also be possible to estimate not 
only the nature but the dose of the toxicant for a 
given exposure, based on relative gene-expression 
levels. This general approach may be particularly 
appropriate for occupational-health applications, in 
which unexposed and exposed samples from the 
same individuals may be obtainable. For example, 
a pilot study of gene expression in peripheral-blood 
lymphocytes of Polish coke-oven workers exposed 
to PAHs (and many other compounds) is under con- 
sideration at the NIEHS. An important consideration 
for these types of studies is that gene expression can 
be affected by numerous factors, including diet, 
health, and personal habits. To reduce the effects 
of these confounding factors, it may be necessary 
to compare pools of control samples with pools of 
treated samples. In the future it may be possible to 
compare exposed sample sets to a national database 
of human-expression data, thus eliminating the 
need to provide an unexposed sample from the same 
individual. Efforts to develop such a national gene- 
expression database are currently under way [44,45]. 
However, this national database approach will re- 
quire a better understanding of genome-wide gene 
expression across the highly diverse human popu- 
lation and of the effects of environmental factors 
on this expression. 
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Alleles, Oligo Arrays, and Toxicogenetics 

Gene sequences vary between individuals, and 
this variability can be a causative factor in human 
diseases of environmental origin [46,47]. A new area 
of toxicology, termed toxicogenetics, was recently 
developed to study the relationship between genetic 
variability and toxicant susceptibility. This field is 
not the subject of this discussion, but it is worth- 
while to note that the ability of oligonucleotide ar- 
rays to discriminate DNA molecules based on single 
base-pair differences makes these arrays uniquely 
useful for this type of analysis. Recent reports dem- 
onstrated the feasibility of this approach [41,42]. 
The NIEHS has initiated the Environmental Genome 
Project to identify common sequence polymor- 
phisms in 200 genes thought to be involved in en- 
vironmental diseases [48]. In a pilot study on the 
feasibility of this application to the Environmental 
Genome Project, oligonucleotide arrays will be used 
to resequence 20 candidate genes. This toxicogenetic 
approach promises to dramatically improve our un- 
derstanding of interindividual variability in disease 
susceptibility. 

FUTURE PRIORITIES 

There are many issues that must be addressed be- 
fore the full potential of microarrays in toxicology 
research can be realized. Among these are model sys- 
tem selection, dose selection, and the temporal na- 
ture of gene expression. In other words, in which 
species, at what dose, and at what time do we look 
for toxicant-induced gene expression? If human 
samples are analyzed, how variable is global gene 
expression between individuals, before and after toxi- 
cant exposure? What are the effects of age, diet, and 
other factors on this expression? Experience, in the 
form of large data sets of toxicant exposures, will 
answer these questions. 

One of the most pressing issues for array scientists 
is the construction of a national public database 
(linked to the existing public databases) to serve as a 
repository for gene-expression data. This relational 
database must be made available for public use, and 
researchers must be encouraged to submit their ex- 
pression data so that others may view and query the 
information. Researchers at the National Institutes 
of Health have made laudable progress in develop- 
ing the first generation of such a database [44,45]. In 
addition, improved statistical methods for gene clus- 
tering and pattern recognition are needed to ana- 
lyze the data in such a public database. 

The proliferation of different platforms and meth- 
ods for microarray hybridizations will improve 
sample handling and data collection and analysis and 
reduce costs. However, the variety of microarray 
methods available will create problems of data com- 
patibility between platforms. In addition, the near- 
infinite variety of experimental conditions under 



which data will be collected by different laborato- 
ries will make large-scale data analysis extremely dif- 
ficult. To help circumvent these future problems, a 
set of standards to be included on all platforms 
should be established. These standards would facili- 
tate data entry into the national database and serve 
as reference points for cross-platform and inter-labo- 
ratory data analysis. 

Many issues remain to be resolved, but it is clear 
that new molecular techniques such as microarray 
hybridization will have a dramatic impact on toxicol- 
ogy research. In the future, the information gathered 
from microarray-based hybridization experiments will 
form the basis for an improved method to assess the 
impact of chemicals on human and environmental 
health. 
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Abstract 



Recent progress in genomics and proteomics technologies has created a unique opportunity to sicnificantlv imnart 
the pharrnaceuncal drug development processes. The perception that cells 'and Sole SI^^SS 
inducible responses to stimuli such as drug treatment implies that unique expression patterns mZ^Z^ 
indicative of a drug's efficacy and potential toxicity are accessible. The integration into state-of-the-art tox^X of 

meXnSr n f S H° ne to f .P^ ch ^ eS < n ^ «P™*» patterns prom.es new SKtaJ 

mechanisms of drug action and toxicity. The benefits will be improved lead selection, and optimized monitor ng of 
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1. Introduction 

The majority of drugs act by binding to protein 
targets, most to known proteins representing en- 
zymes, receptors and channels, resulting in effects 
such as enzyme inhibition and impairment of 
signal transduction. The treatment-induced per- 
turbations provoke feedback reactions aiming to 
compensate for the stimulus, which almost always 
are associated with signals to the nucleus, result- 
ing in altered gene expression. Such gene expres- 
sion regulations account for both the 
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pharmacological action and the toxicity of a drug 
and can be visualized by either global mRNA or 
global protein expression profiling. Hence, for 
each individual drug, a characteristic gene resula- 
tion pattern, its molecular fingerprint, exists 
which bears valuable information on its mode of 
action and its mechanism of toxicity. 

Gene expression is a multistep process that 
results in an active protein (Fig. 1). There exist 
numerous regulation systems that exert control at 
and after the transcription and the translation 
step. Genomics, by definition, encompasses the 
quantitative analysis of transcripts at the mRNA 
level, while the aim of proteomics is to quantify 
gene expression further down-stream, creating a 
snapshot of gene regulation closer to ultimate cell 
function control. 
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2. Global mRNA profiling 

Expression data at the mRNA level can be 
produced using a set of different technologies 
such as DNA microarrays, reverse transcript 
imaging, amplified fragment length polymorphism 
(AFLP), serial analysis of gene expression 
(SAGE) and others. Currently, DNA microarrays 
are very popular and promise a great potential. 
. On a typical array, each gene of interest is repre- 
sented either by a long DNA fragment (200-2400 
bp) typically generated by polymerase chain reac- 
tion (PCR) and spotted on a suitable substrate 
using robotics (Schena et ah, 1995; Shalon et al., 
1996) or by several short oligonucleotides (20-30 
bp) synthesized directly onto a solid support usins 
photolabile nucleotide chemistry (Fodor et aL 
1991; Chee et al., 1996). From control and treated 
tissues, total RNA or mRNA is isolated and 
reverse transcribed in the presence of radioactive 
or fluorescent labeled nucleotides, and the labeled 
probes are then hybridized to the arrays. The 
intensity of the array signal is measured for each 
gene transcript by either autoradiography or laser 
scanning confocal microscopy. The ratio between 
the signals of control and treated samples reflect 
the relative drug-induced change in transcript 
abundance. 



3. Global protein profiling 

Global quantitative expression analysis at the 
protein level is currently restricted to the use of 
two-dimensional gel electrophoresis. This tech- 
nique combines separation of tissue proteins by 
isoelectric focusing in the first dimension and bv 
sodium dodecyl sulfate slab gel electrophoresis 
based molecular weight separation on the second, 
orthogonal dimension (Anderson et al., 1991). 
The product is a rectangular pattern of protein 
spots that are typically revealed by Coomassie 
Blue, silver or fluorescent staining (Fis. 2). 
Protein spots are identified by mass spectrometry 
following generation of peptide mass finserprints 
(Mann et al., 1993) and sequence tags (Wilkins et 
al., 1996). Similar to the mRNA approach, the 
ratio between the optical density of spots from 
control and treated samples are compared to 
search for treatment-related changes. 



4. Expression data analysis 

Bioinformatics forms a key element required to 
organize, analyze and store expression data from 
either source, the mRNA or the protein level. The 
overall objective, once a mass of high-quality 
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quantitative expression data has been collected, is 
to visualize complex patterns of gene expression 
changes, to detect pathways and sets of genes 
tightly correlated with treatment efficacy and toxi- 
city, and to compare the effects of different sets of 
treatment (Anderson et al., 1996). As the drug 
effect database is growing, one may detect similar- 
ities and differences between the molecular finger- 
prints produced by various drugs, information 
that may be crucial to make a decision whether to 
refocus or extend the therapeutic spectrum of a 
drug candidate. 



5. Comparison of global mRNA and protein 
expression profiling 

There are several synergies and overlaps of data 
obtained by mRNA and protein expression analy- 
sis. Low abundant transcripts may not be easily 
quantified at the protein level using standard two- 
dimensional gel electrophoresis analysis and their 
detection may require prefractionation of sam- 
ples. The expression of such genes may be prefer- 
ably quantified at the mRNA level using 
techniques allowing PCR-mediated target amplifi- 
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cation. Tissu biopsy samples typically yield good 
quality of both mRNA and proteins; however, the 
quality of mRNA isolated from body fluids is 
often poor due to the faster degradation of 
mRNA when compared with proteins. RNA sam- 
ples from body fluids such as serum or urine are 
often not very 'meaningful', and secreted proteins 
are likely more reliable surrogate markers for 
treatment efficacy and safety. Detection of post- 
radiational modifications, events often related to 
function or nonfunction of a protein, is restricted 
to protein expression analysis and rarely can be 
predicted by mRNA profiling. Information on 
subcellular localization and translocation of 
proteins has to be acquired at the level of the 
protein in combination with sample prefractiona- 
tion procedures. The growing evidence of a poor 
correlation between mRNA and protein abun- 
dance (Anderson and Seilhamer, 1997) further 
suggests that the two approaches, mRNA and 
protein profiling, are complementary and should 
be applied in parallel. 



6. Expression profiling and drug development 

Understanding the mechanisms of action and 
toxicity, and being able to monitor treatment 
efficacy and safety during trials is crucial for the 
successful development of a drug. Mechanistic 
insights are essential for the interpretation of drug 
effects and enhance the chances of recognizing 
potential species specificities contributing to an 
improved risk profile in humans (Richardson et 
al., 1993; Steiner et al.. 1996b; Aicher et al., 1998). 
The value of expression profiling further increases 
when links between treatment-induced expression 
profiles and specific pharmacological and toxic 
endpoints are established (Anderson et al., 199] 
1995, 1996; Steiner et al. 1996a). Changes in gene 
expression are known to precede the manifesta- 
tion of morphological alterations, giving expres- 
sion profiling a great potential for early 
compound screening, enabling one to select drug 
candidates with wide therapeutic windows 
reflected by molecular fingerprints indicative of 
high pharmacological potency and low toxicity 
(Arce et al., 1998). In later phases of drug devel- 



opment, surrogate markers of treatment efficacy 
and toxicity can be applied to optimize the moni- 
toring of pre-clinical and clinical studies (Dohertv 
et al., 1998). 



7. Perspectives 

The basic methodology of safety evaluation has 
changed little during the past decades. Toxicity in 
laboratory animals has been evaluated primarily 
by using hematological, clinical chemistry and 
histological parameters as indicators of organ 
damage. The rapid progress in genomics and pro- 
teomics technologies creates a unique opportunity 
to dramatically improve the predictive power of 
safety assessment and to accelerate the drug devel- 
opment process. Application of gene and protein 
expression profiling promises to improve lead se- 
lection, resulting in the development of drug can- 
didates with higher efficacy and lower toxicity. 
The identification of biologically relevant surro- 
gate markers correlated with treatment efficacv 
and safety bears a great potential to optimize the 
monitoring of pre-clinical and clinical trails. 
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DNA array technology makes it possible to rapidly genotype individuals or quantify the expression 
of thousands of genes on a single filter or glass slide, and holds enormous potential in toxicologic 
applications. This potential led to a U.S. Environmental Protection Agency-sponsored workshop 
titled "Application of Microarrays to Toxicology" on 7-8 January 1999 in Research Triangle Park, 
North Carolina. In addition to providing state-of-the-art information on the application of DNA or 
gene microarrays, the workshop catalyzed the formation of several collaborations, committees, and 
user s groups throughout the Research Triangle Park area and beyond. Potential application of 
microarrays to toxicologic research and risk assessment include genome-wide expression analyses to 
identify gene-expression networks and toxicant-specific signatures that can be used to define mode 
of action, for exposure assessment, and for environmental monitoring. Arrays may also prove useful 
for monitoring genetic variability and its relationship to toxicant susceptibility in human popula- 
tions. Key words: DNA arrays, gene arrays, microarrays, toxicology. Environ Health Perspeet 
107:681-685 (1999). [Online 6 July 1999] 
http://ehpnetl.niehs.nih.gov/docs/1999/I07p681-685rocken/a^ 



Decoding the generic blueprint is a dream that 
offers manifold returns in terms of understand- 
ing how organisms develop and function in an 
often hostile environment. With the rapid 
advances in molecular biology over the last 30 
years, the dream has come a step closer to reali- 
ty. Molecular biologists now have the ability to 
elucidate the composition of any genome. 
Indeed, almost .20 genomes have already been 
sequenced and more than 60 are currently 
under way. Foremost among these is the 
Human Genome Mapping Project. However, 
the genomes of a number or commonly used 
laboratory species arc also under intensive 
investigation, including yeast, Arabidopsis. 
maize, rice, zebra fish, mouse, rat. and dog. It 
is widely expected that the completion of such 
programs will facilitate the development of 
many powerful new techniques and approach- 
es to diagnosing ana treating geneucailv and 
environmen tally induced diseases which amict 
mankind. However, the vast amount of data 
being generated by genome mapping will 
require new high-throughput technologies to 
investigate the function of the millions of new 
genes that arc being reported. Among the most 
widely heralded of the new functional 
genomics technologies are DNA arrays, which 
represent perhaps the most anticipated new 
molecular biology technique since polymerase 
chain reaction (PCR). 

Arrays enable the study of literally thou- 
sands of genes in a single experiment. The 
potential importance of arrays is enormous and 
has been highlighted by the recent publication 
of an entire Nature Genetics supplement dedi- 
cated to the technology ( 1). Despite this huge 
surge of interest, DNA arrays are still licde used 
and largely unproven. as demonstrated by the 
high ratio of review and press articles t actual 
data papers. Even so. the potential they offer 



has driven venture capitalists into a frenzy of 
investment and many new companies are 
springing up to claim a share of this rapidly 
developing market. 

The U.S. Environmental Protection 
Agency (EPA) is interested in applying DNA 
array technology to ongoing toxicologic stud- 
ies. To learn more about the current state of 
the technology, the Reproductive Toxicology 
Division (RTD) of the National Health and 
Environmental Effects Research Laboratory 
(NHEERL: Research Triangle Park, NO 
hosted a workshop on "Application of 
Microarrays to Toxicology* on 7-8 January 
1999 in Research Triangle Park, North 
Carolina. The workshop was organized by 
David Dix, Robert Kavlock, and John Rockett 
of the RTD/NHEERL. Twenty-two intra- 
mural and extramural scientists from govern- 
ment, acaaerrua. ana industry shared inrorma- 
tion. data, and opinions on the current and 
future applications tor this exciring new tech- 
nology. The workshop had more than 150 
attendees, including researchers, students, and 
—administrators from the EPA, thc-National 
Institute of Environmental Health Sciences 
(NIEHS), and a number of other establish- 
ments from Research Triangle Park and 
beyond. Presentations ranged from the tech- 
nology behind array production through the 
sharing of actual experimental data and projec- 
tions on the future importance and applica- 
tions of arrays. The information contained in 
the workshop presentations should provide aid 
and insight into arrays in general and their 
application to toxicology in particular. 

Array Elements 

in the context of molecular biology, the word 
"array" is normally used to refer to a series of 
DNA or protein elements firmly attached in 



a regular partem to some kind of supportive 
medium. DNA arrav is often used inter- 
chaneeablv with gene array or microarray. 
Although not formally defined, microarrav is 
generally used to describe the higher density 
arrays rvpically printed on glass chips. The 
DNA elements that make up DNA arrays 
can be oligonucleotides, partial gene 
sequences, or full-length cDNAs. Companies 
offering pre-made arrays that contain less 
than full-length clones normally use regions 
of the genes which arc specific to that gene to 
prevent false positives arising through cross- 
hybridization. Sequence verification of 
cDNA clone identity is necessary because of 
errors in identifying specific clones from 
cDNA libraries and databases. Premade 
DNA arrays printed on membranes are cur- 
rently or imminently available for human, 
mouse, and rat. In most cases they contain 
DNA sequences representing several thou- 
sand different sequence clusters or genes as 
delineated through the National Center for 
Biotechnology Information UniGene Project 
{2). Many of these different UniGene clusters 
(putative genes) are represented only by 
expressed sequence tags (ESTs). 

Array Printing 

Arrays are typically printed on one of two 
rvpes of support matrix. Nylon membranes 
are used by most off-the-shelf array providers 
such as Clontech Laboratories. Inc. 
(Palo Alto, CA). Genome Systems. Inc. (St. 
Louis. MO), and Research Genetics. Inc. 
(Huntsville. AL). Microarravs such as those 
produced by AiTymetrix. Inc. (Santa Clara, 
CAi. Incyte Pharmaceuticals, Inc. (Palo Alto. 
CA), and many do-it-yourself (DIY) arraying 
groups use glass wafers or slides. Although 
standard microscope slides may be used, they 
must be preprepared to facilitate sticking 
of the DNA to the glass. Several different 
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* coatings have been successfully used, includ- 
ing sibne and lysine. The coating of slides 
'can easily be carried out in the laboratory, 
but many prefer the convenience of precoated 
slides available from suppliers. 

Once the support matrix has been pre- 
pared, the DNA elements can be applied by 
several methods. Asymetrix, Inc., has devel- 
oped a unique photolithographic technology 
for attaching oligonucleotides to glass wafers. 
More commonly, DNA is applied by either 
noncontact or contact printing. Noncontact 
printers can use thermal, solenoid, or piezoelec- 
tric technology to spray aliquots of solution 
onto the support matrix and may be used to 
produce slide or membrane-based arrays. 
Cartesian Technologies, Inc. (Irvine, CA) has 
developed nQUAD technology for use in its 
PixSys printers. The system couples a syringe 
pump with the microsolenoid valve, a combi- 
nation that provides rapid quantitative dispens- 
ing or" nanoliter volumes (down to 4.2 nL) over 
a variable volume range. A different approach 
to noncontact printing uses a solid pin and ring 
combination (Genetic MicroSystems, Inc., 
Woburn, MA). This system (Figure 1 ) allows a 
broader range of sample, including cell suspen- 
sions and particulates, because the printing 
head cannot be blocked up in the same way as 
a spray nozzle. Fluid transfer is controlled in 
this system primarily by the pin dimensions 
and the force of deposition, although the 
nature of the support matrix and the sample 
will also afreet transfer to some degree. 

In contact printing, the pin head is dipped 
in the sample and then touched to the support 
matrix to deposit a small aliquot. Split pins 
were one of the first contact-printing devices 
to be reported and are the suggested format 
for DIY airayers, as described by Brown (5). 
Split pins are small metal pins with a precise 
groove cut vertically in the middle of the pin 
tip. In this system, 1—48 split pins are posi- 
tioned in the pin-head- The split oins work bv 
simpie capillary action, not unlike a fountain 
pen — when the pin heads axe dipped in the 
sample, liquid is drawn into the pin groove. A 
small (fixed) volume is then deposited each 
time the split pins are gently touched to 
the support matrix. Sample (100-500 pL 
depending on a variety of parameters) can be 
deposited on multiple slides before refilling is 
required, and array densities of > 2,500 
spots/cm 2 may be produced. The deposit vol- 
ume depends on the split size, sample fluidi- 
ry, and the speed of printing. Split pins are 
relatively simple to produce and can be made 
in-house if a suitable machine shop is avail- 
able. Alternatively, they can be obtained 
directly from companies such as TeleChem 
International, Inc. (Sunnyvale. CA). 

Irrespective of their source, printers 
should be run through a preprint sequence 
prior to producing the actual experimental 



arrays: the first 100 or so spots of a new run 
tend to be somewhat variable. Factors effect- 
ing spot reproducibility include slide treat- 
ment homogeneity, sampie differences, and 
instrument errors. Other factors that come 
into play include clean ejection of the drop 
and clogging (nQUAD printing) and 
mechanical variations and long-term alter- 
ation in print-head surface of solid and split 
pins. However, with careful preparation it is 
possible to get a coefficient of variance for 
spot reproducibility below 10%. 

One potential printing problem is sample 
carryover. Repeated washing, blotting, and 
drying (vacuum) of print pins between samples 
is normally effective at reducing sample carry- 
over to negligible amounts. Printing should 
also be carried out in a controlled environ- 
ment. Humidified chambers are available in 
which to place printers. These help prevent 
dust contamination and produce a uniform 
drying rate, which is important in determining 
spot size, quality, and reproducibility. 

In summary, although several printing 
technologies are available, none arc par- 
ticularly outstanding and the bottom line 
is that they arc still in a relatively early stage 
of evolution. 

Array Hybridization 

The hybridization protocol is. practically 
speaking, relatively straightforward and those 
with previous experience in blotting should 
have little difficulty. Array hybridizations 
are, in essence, reverse Southern/Northern 
blots — instead of applying a labeled probe to 
the target population of DNA/RNA, the 
labeled population is applied to the probe(s). 
With membrane-based arrays, the control and 
treated mRNA populations are normally con- 
verted to cDNA and labeled with isotope (e.g.. 
33 P) in the process. These labeled popuiauons 
arc then hybridized inacpendentiv to parallel 
or serial arrays and the hybridization sicnai is 
detected with a phosporimager. A less com- 
monly used alternative to radioactive probes is 
enzymatic detection. The probe may be 
biotinylated, haptenyiatcd^jr have alkaline 
phosphatase/horseradish peroxidase attached. 
Hybridization is detected by enzymatic reac- 
tion yielding a color reaction (4). Differences 
in hybridization signals can be detected by eye 
or, more accurately, with the help of digital 
imaging and commercially available software. 
The labeling of the test populations for slide- 
based microarrays uses a slightly different 
approach. The probe typically consists of two 
samples of polyA* RNA (usually from a treated 
and a conrrol population) that are converted xo 
cDNA; in the process each is labeled with a 
different fluor. The independently labeled 
probes are then mixed together and hybridized 
to a single microarray slide and the resulting 
combined fluorescent signal is scanned. After 
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Figure 1. Genetic Microsystems (Woburn, MA) pin 
ring system for printing arrays. The pin ring com- 
bination consists of a circular open ring oriented 
parallel to the sample solution, with a vertical pin 
centered over the ring. When the ring is dipped 
into a solution and lifted, it withdraws an aliquot 
of sample held by surface tension. To spot the 
sample, the pin is driven down through the ring 
and a portion of the solution is transferred to the 
bottom of the pin. The pin continues to move 
downward until the pendant drop of solution 
makes contact with the underlying surface. The 
pin is then lifted, and gravity and surface tension 
cause deposition of the spot onto the array. 
Figure from Rowers et al. [14), with permission 
from Genetic Microsystems. 

normalization, it is possible to determine the 
ratio of fluorescent signals from a single 
hybridization of a slide-based microarray. 

cDNA derived from control and treated 
populations of RNA is most commonly 
hybridized to arrays, although subtractive 
hybridization or differential display reactions 
may also be used. Fluorophore- or radiola- 
beled nucleotides are direcriy incorporated 
into the cDNA in the process of converting 
RNA to cDNA. Alternatively, 5 ' end-labeled 
primers may be used for cDNA synthesis. 
These are labeled with a fluorophore for 
direct visualization of the hybridized array. 
Alternatively, biotin or a hapten may be 
attached to the primer, in which case fluor- 
labcled streptavidin or antibody must be 
applied before a signal can be generated. The 
most commonly used fluorophores at present 
are cyanine (Cy)3 and Cy5 (Amersham 
Pharmacia Biotech AB, Uppsala, Sweden). 
However, the relative expense of these fluo- 
rescent conjugates has driven a search for 
cheaper alternatives. Fluorescein, rhodamine, 
and Texas red have all been used, and 
companies such as Molecular Probes, Inc. 
(Eugene, OR) are developing a series of 
labeled nucleotides with a wide range of exci- 
tation and emission spectra which may prove 
to function as well as the Cy dyes. 
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Table 1. Advantages and disadvantages of different microarray scanning systems. 





CCD camera system 


Nonconfocai laser scanner 
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samples 
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samples 

Optical scatter can limit 
performance 


neistiveiv simple opr.cs 

Low light collection efficiency 
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Resolution rvoicallv low 


artifacts 

Mav have higi-: icn: :ciie::ic~ 
efftciencv 
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Analysis f DNA Microarrays 

k Membrane-based arrays are normally analyzed 
on film or with a phosphorimager, whereas 
chip-based arrays require more specialized scan- 
ning devices. These can be divided into three 
main groups: the charge-coupled device camera 
systems, the nonconfocai laser scanners, and the 
confocal laser scanners. The advantages and dis- 
advantages of each system are listed in Table 1 . 

Because a typical spot on a microarray can 
contain > 10 8 molecules, it is dear that a large 
variation in signal strength may occur. 
Current scanners cannot work across this 
many orders of magnitude (4 or 5 is more ryp- 
ical). However, the scanning parameters can 
normallv be adjusted to collect more or less 
signal, such that two or three scans of the same 
array should permit the detection of rare and 
abundant genes. 

When a microarray is scanned, the fluores- 
cent images are captured by software normally 
included with the scanner. Several commercial 
suppliers provide additional software for quan- 
tifying array images, but the software tools are 
constantly evolving to meet the developing 
needs of researchers, and it is prudent to 
define one s own needs and clarify' the exact 
capabilities of the software before its purchase. 
Issues that should be considered include the 
following: 

• Can the software locate offset spots? 

• Can it quantitate across irregular hybridiza- 
tion signals? 

• Can the arrayed genes be programmed in for 
easy identification and location? 

• Can the software connect via the Internet to 
databases containing further information on 
the gene(s) of interest? 

One of the key issues raised at the work- 
shop was the sensitivity of microarray technol- 
ogy. Experiments by General Scanning. Inc. 
:^watertown, MA), have shown that by using 
the Cy dyes and their scanner, signal can be 
detected down to levels of < 1 fluor molecule 
per square micrometer, which translates to 
detecting a rare message at approximately one 
copy per cell or less. 

Array Applications 

.Although arrays are an emerging technology 
certain to undergo improvement and 
alteration, they have already been applied use- 
fully to a number of model systems. Arrays are 
at their most powerful when they contain the 
entire genome f the species they are being 
used to study. For this reason, they have strong 
support among researchers utilizing yeast and 
Caenorhabditis eUgans (5). The genomes of 
both of these species have been sequenced and, 
in the case of yeast, deposited onto arrays for 
examination of gene expression (6,7), With 
both of these species, it is relatively easy to 
perturb individual gene expression. Indeed, C. 
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elegans knockouts can be made simply by 
soaking the worms in an antisense solution of 
the gene to be knocked out. 

By a process of systematic gene disrup- 
tion, it is now possible to examine the cause 
and effect relationships between different 
genes in these simple organisms. This kind of 
approach should help elucidate biochemical 
pathways and genetic control processes, 
deconvolute polygenic interactions, and 
define the architecture of the cellular network. 
A simple case study of how this can be 
achieved was presented by Butow [University 
of Texas Southwestern iMedical Center, 
Dallas, TX (Figure 2)1. Although it is the 
phenotypic result of a single gene knockout 
that is being examined, the effect of such 
perturbation will almost always be polygenic. 
Polygenic interactions will become increasing- 
ly important as researchers begin to move 
away from single gene systems when examin- 
ing the nature of toxicologic responses to 
external stimuli. This is especially important 
in toxicology because the phenorype pro- 
duced by a given environmental insult is 
never the result of the action of a single gene; 
rather, it is a complex interaction or one or 
multiple cellular pathways. Phenomena such 
as quantitative trait (the continuous variation 
of phenorype), epistasis ithe effect of alleles of 
one or more genes on the expression of other 
genes), and penetrance (proportion of indi- 
viduals of a given genotype that display a par- 
ticular phenorype) will become increasingly 
evident and important as toxicologists push 
toward the ultimate goal of matching the 
responses of individuals to different 
environmental stimuli. 

Analysis of the transcriptome (the expres- 
sion level of all the genes in a given cell popula- 
tion) was a use of arrays addressed by several 
speakers. Unfortunately, current gene nomen- 
clature is often confusing in that single genes 
are allocated multiple names (usually as a result 
of independent discovery by different laborato- 
ries), and there was a call for standardization of 
gene nomenclature. Nevertheless, once a tran- 
scriptome has been assembled it can then be 
tran sferr e d onto arrays and used to screen any 
chosen system. The EPA MicroArray 
Consortium (EPAMAC) is assembling testes 



transcriptomes for human, rat. and mouse, in a 
slighdy different approach, Nuwaysir ct al. (S) 
describes how the NIEHS assembled what is 
effectively a "toxicoiogicai transcriptome" — a 
library of human and mouse genes that have 
previously been proven or implicated in 
responses to toxicologic insults. Clontech 
Laboratories, Inc. (Palo Alto, CM, has begun a 
similar process by developing stress/ toxicology 
filter arrays of rat, mouse, and human genes. 
Thus, rather than being tissue or cell specific, 
these stress/ toxicology arrays can be used across 
a variety of model systems to look for alter- 
ations in the expression of toxicologically 
important genes and define the new field of 
toxicogcnomics. The potential to identify toxi- 
cant families based on tissue- or cell-specific 
gene expression could revolutionize drug test- 
ing. These molecular signatures or fingerprints 
could not only point to the possible 
toxicity/carcinogenicity of newly discovered 
compounds (Figure 5), but also aid in elucidat- 
ing their mechanism of action through identifi- 
cation of gene expression networks. By exten- 
sion, such signatures could provide easily iden- 
tifiable biomarkcrs to assess die degree, time, 
and nature of exposure. 

DNA arrays are primarily a tool for exam- 
ining differential gene expression in a given 
model. In this context thev are rcforreri to as 
dosed systems because they lack the ability of 
other differential expression technologies, c.g„ 
differential display and subtractive hybridiza- 
tion, to detect previously unknown genes not 
present on the array. This would appear to 
limit the power of DNA arrays to the imagina- 
tions and preconceptions of the researcher in 
selecting genes previously characterized and 
thought to be involved in the model system. 
However, the various genome sequencing pro- 
jects have created a new category of 
sequence — the EST — mat has partially molli- 
fied this deficiency. ESTs arc cDNAs expressed 
in a given tissue that, although they may share 
some degree of sequence similarity to previous- 
ly characterized genes, have not been assigned 
specific genetic identity. By incorporating EST 
clones into an array, it is possible to monitor 
the expression of these unknown genes. This 
can enable the identification of previously 
un characterized genes that may have biologic 



1 significance in the model system. Filter arrays 
from Research Genetics and slide arrays from 
.fincyte Pharmaceuticals both incorporate large 
numbers of ESTs rrom a variety or species. 

A further use of microarrays is the identifi- 
cation of single nucleotide polymorphisms 
(SNPs). These genomic variations are abun- 
dant — they occur approximately every 1 kb or 
so — and are the basis of restriction fragment 
lenph polymorphism analysis used in forensic 
analysis. Arrymetrix. Inc.. designed chips chat 
contain multiple repeats of the same gene 
sequence. Each position is present with all rbur 
possible bases. .After the hybridization of the 
sample, the degree of hybridization to the dif- 
ferent sequences can be measured and the exact 
sequence of the target gene deduced. SNPs are 
thought to be of vital importance in drug 
metabolism and toxicology. For example, sin- 
gle base differences in the regulatory region or 
active sire of some genes can account for huge 
differences in the activity of that gene. Such 
SNPs are thought to explain why some people 
are able to metabolize certain xenobiotics bet- 
ter than others. Thus, arrays provide a rurther 
tool for the toxicologist investigating the 
nature of susceptible subpopulations and toxi- 
cologic response. 

There are still many wrinkles to be ironed 
out before arrays become a standard cool for 
toxicologists. The main issues raised at the 
workshop by those with hands-on experience 
were the following: 

• Expense: the cost or purchasing/contracting 
this technology is still too great for many 
individual laboratories. 
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Figure 2. Potential effects of gene knockout within 
positively and negatively regulated gene expression 
networks. i y is limiting in wild type for expression of 
/ 2 . iA) A simple, two-component linear regulatory 
network operating on gene ^ where i } is a positive 
effector of ^ and j n is either a positive or negative 
effector of i r This network could be deduced by 
examining the consequence of (0) deleting j n on the 
expression of i } and ^ where the expression of ^ 
would be decreased or increased depending on 
whether j n was a positive or negative regulator. 
These and other connected components of even 
greater complexity could be revealed by genome- 
wide expression analysis. From Butow { 75). 



• Clones: the logistics of identirying. obtaining, 
and maintaining a set of nonredundant. non- 
contaminated, sequence-verified, species/cell.' 
cissue/rlcld-specific clones. 

- • Use of inbred strains: where whole-oreanism 
models are being used, the use of inbred 
strains is important to reduce the potentiallv 
confusing effects of the individual variation 
typically seen in outbred populations. 

• Probe: the need for relatively large amounts 
of RNA. which limits the rype of sample 
(e.g., biopsv) that can be used. Also, different 
RNA extraction methods can give different 
results. 

• Specificity: the ability to discriminate accu- 
rately between closely related genes (e.g.; the 
cytochrome p450 family) and splice variants. 

• Quancitacion: the quancitation of gene 
expression using gene arrays is still open to 
debate. One reason for this is the different 
incorporation of the labeling dyes. However, 
the main difficult)' lies in knowing what to 
normalize against. One option is to include a 
large number of so-called housekeeping genes 
in the array. However, the expression of these 
genes often change depending on the tissue 
and the toxicant, so it is necessary to charac- 
terize the expression of these genes in the 
model system before utilizing them. This is 
clearly not a viable option when screening 
multiple new compounds. A second option 
is to include on the array genes from a nonre- 
lated species (e.g.. a plant gene on an animal 
array) and to spike the probe with synthetic 
RNA(s) complementary to the gene(s). 

• Reproducibility: this is sometimes question- 
able, and a figure of approximately two or 
three repeats was used as the minimum num- 
ber required to confirm initial findings. 



Again, however* most veovi-j advocjicj ir.i- 
use of Northern biots or reverse ::in>c::pu±e 
PCR to confirm findings. 

• Sensitivity: concerns were voiced abou: the 
"number of target molecules that must be pre- 
sent in a sample for them to be detected on 
the array. 

• Efficiency: reproducible identification of 1.5- 
to 2-fold differences in expression was report- 
ed, although the number of genes that 
undergo this level of change and remain 
undetected is open to debate. It is important 
that this level of detection be ultimately 
achieved because it is commonly perceived 
that some important transcription factors 
and their regulators respond at such low lev- 
els. In most cases. 3- to 5-rbld was the mini- 
mum change that most were happy to 
accept. 

• Bioinformatics: perhaps the greatest concern 
was how to accurately interpret the data with 
the greatest accuracy and efficiency. The 
biggest headache is trying to identirv net- 
works of gene expression that arc common to 
different treatments or doses. The amount of 
data from a single experiment is huge. It may 
be that, in the future, several groups individ- 
ually equipped with specialized software algo- 
rithms tor studying their favorite genes or 
gene systems will be able to share the same 
hybridized chips. Thus, arrays could usher in 
a new perspective on collaboration and the 
sharing of data. 

EPAMAC 

Perhaps the main reason most scientists are 
unable to use array technology is the high cost 
involved, whether buying off-the-shelf mem- 
branes, using contract printing services, or 



Endocrine disruotors 



Toxicant family 




Oxidant stressors 



Peroxisome proMerator s 



Polycyehc aromatic hydrocarbons 



Figure 3. Gene expression profiles— also called fingerprints or signatures—of known toxicants or toxi- 
cant families may. in the future, be used to identify the potential toxicity of new drugs, etc In this exam- 
ple, the genetic signature of test compound 1 is identical to that of known peroxisome proliferators 
whereas that of test compound 2 does not match any known toxicant family. Based on these results test 
compound 2 would be retained for further testing and test compound 1 would be eliminated 
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producing chips in-house. In view or rhis, 
researchers at the RTD/NHEERL initiated 
the EPAMAC This consortium brings 
together scientists from the EPA and a num- 
ber of extramural labs with the aim of devel- 
oping microarray capability through the shar- 
ing "of resources and data. EPAMAC 
researchers are primarily interested in the 
developmental and toxicologic changes seen 
in testicular and breast tissue, and a portion 
of the workshop was set aside for EPAMAC 
members to share their ideas on how the 
experimental application of microarrays could 
facilitate their research. One of the central 
areas of interest to EPAMAC members is the 
effect of xenobiotics on male fertility and 
reproductive health. Of greatest concern is 
the effect of exposure during critical periods 
of development and germ cell differentiation 
(P), and how this may compromise sperm 
counts and quality following sexual matura- 
tion [10). As well as spermatogenic tissue, 
there is also interest in how residual mRNA 
found in mature sperm (//) could be used as 
an indicator of previous xenobiotic effects (it 
is easier to obtain a semen sample than a tes- 
ticular biopsy). Arrays will be used to examine 
and compare the effect of exposure to heat 
and chemicals in testicular and cpididymal 
gene expression profiles, with the aim of 
establishing relationships/associations 
between changes in developmental landmarks 
and the effects on sperm count and quality. 
Cluster, pattern, and other analysis of such 
data should help identify hidden relationships 
between genes that may reveal potential 
mechanisms of action and uncover roles for 
genes with unknown functions. 

Summary 

The rull impact of DNA arrays may not be 
>ecn for several years, but the interest shown at 
:his rcoonai workshop indicates the high level 
of interest that they roster. Apart rrom educat- 
ing and advertising the various technologies in 
this field, this workshop brought together a 
number of researchers from the Research 
Triangle Park area who arc already using DNA 
arrays. The interest in sharing ideas and experi- 
ences led to the initiation of a Triangle array 
user s group. 
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Array technology is still in its infancy. This 
means that the hardware is still improving and 
there is no current consensus tor standard pro- 
cedures, quantitation, and interpretation. 
Consistency in spotting and scanning arrays is • 
not yet optimized, and this is one ot the most 
critical requirements of any experiment. In — 
addition, one of the dark regions of array tech- 
nology — strife in the courts over who owns 
what portions of it — has further muddled the 
future and is a potential barrier toward the 
development of consensus procedures. 

Perhaps the greatest hurdle for the applica- 
tion of arrays is the actual interpretation or 
data. No specialists in bioinformatics attended 
the workshop, largely because they are rare and 
because as yet no one seems clear on the best 
method of approaching data analysis and inter- 
pretation. Cross-referencing results from mul- 
tiple experiments (time, dose, repeats, different 
animals, different species) to identify common- 
ly expressed genes is a great challenge. In most 
cases, we are still a long way from understand- 
ing how the expression of gene A' is related to 
the expression of gene K and ordering gene 
expression to delineate causal relationships. 

To the ordinary scientist in the typical lab- 
oratory, however, the most immediate prob- 
lem is a lack of affordable instrumentation. 
One can purchase premade membranes at 
relatively affordable prices. Although these 
may be useful in identifying individual genes 
to pursue in more detail using other methods, 
the numbers that would be required for even a 
small routine toxicology experiment prohibit 
this as a truly viable approach. For the toxicol- 
ogist. there is a need to earn' out multiple 
experiments — dose responses, time curves, 
multiple animals, and repeats. Glass-based 
DNA arrays are most attractive in this context 
because they can be prepared in large batches 
from the same DNA source and accommo- 
date control and treated samples on the same 
chip. Another probiem with current off-the- 
shelf arrays is that they often do not contain 
one or more of the particular genes a group is 
interested in. One alternative is to obtain 
and/or produce a set of custom clones and 
have contract printing of membranes or slides 
carried out by a company such as Genomic 
Solutions. Inc. (Ann Arbor. MI). This approach 
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is less expensive than Laying ou: jjpira! 
one's own entire system, although a: sorr::- 
point it might make economic sense to nr:n: 
one's own arrays. 

Finallv. DNA arrays are currently a team 
effort. Thev are a technoiogv that uses a wide 
.range of skills including engineering, statistics, 
molecular bioiogy. chemistry, and bioinfor- 
matics. Because most individuals are skilled in 
only one or perhaps two or these areas, it 
appears that success with arrays may be best 
expected by teams of collaborators consisting 
of individuals having each of these skills. 

Those considering array applications may 
be amused or goaded on by the following 
quote rrom Fortune magazine 1 12): 

Microprocessors have reshaped our economy, 
spawned vast rb mines and changed ihe way we live. 
Gene chips could be even bigger. 

Although this comment may have been 
designed co excite the imagination rather than 
accurately reflect the truth, it is fair to say that 
the age of functional genomics is upon us. 
DNA arrays look set to be an important tool in 
this new age of biotechnology and will likely 
contribute answers to some of toxicology's 
most fundamental questions. 
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Subject: RE: [Fwd: Toxicology Chip] r i no. e i n 

Date: Mon. 5 Jul 2000 08:09:45 -0400 
From: "Afshari.Cymhia" <afshari@niehs.nih.Eov> 
To: "'Diana Hamlet-Cox*" <dianahc@inevie.com> 



You car. see the list of clones that we have or. our 12Y. cr-p a- 
hrrc: r.ar.uel.r.iehs.r..ih.=cv saos guesr clsnesrc- --" 
W selected a subset of genes "(2000K) rhar we" believed —-•-«• 
response and basic cellular processes and added a ser c r = "c-es - 
mis. We have included a set or control genes (80-) —a- we-* B .'*I-~I"V 
the NHS*: because they did nor change across a laroe se^o* a--" ~ 
experiments. However, we have found rhar sane of theseaenes' c*.-~e 
sigr.fiear.r_y arrer rox rrearmenrs and are m the processor ^oo^ a- -- e 
variation o: eacr. or these 80- genes across our expe-me-- s — r "' 
Our chips are constantly changing and being updared and we hope —a- c— 
aata will .eao us to wnat the toxchip should reaiiv be " — 

- hope rhis answers your question. 
Cindy Afshari 



> rom Diana Hamlez-Cox 

> Senz: Monday. June 26. 2000 8:52 PM 

> To: afshari6niehs.nih.gov 

> Sub jeez : [Fwd: Toxicology Chip] 
> 

> Dear Dr. Afshari. 
> 

* fi ae9 .\ have not y e - had * response from Sill Grigg. perhaps he was ro- 

> the nghr person to conzacz. p as r ' 0 ' 
> 

> Can you help me in this mazzer? I don': need co know zhe sequences 

> necessarily, our Z would like very much zo know whaz zypes oTse"ences 

> are oeing usee, e.g.. GPCRs (more specific?), ion channels, ere 

> Diana Hamlez-Cox 
> 

> Original Message 

> Subjeer.- Toxicology Chip 

> Daze: Mon. 19 Jun 2000 18:31:48 -0700 

> From: Diana Hamlez-Cox <dianahc9 incyze. com> 

> Organizazion: Incyze Pharmaceuzicals 

> To: grigg6niehs.nih.gov 
> 

> Dear Colleague: 



-am doing lizerazure research on zhe use of expressed oenes as 
^^Z tOX1CO i 0gy T****- fo""o -he Press Release' dazed February 

iLm ?! °* e9 * rdxttg che wrk ° f ^ e "IZ*s -« zhis area. : would like zo 
know ■ lm zh ere is a resource I can access (or you could provide?) rha- 
wouid give me a lisz of zhe 12.000 genes zhaz are on your Human ToxChip 
Microarray. m parzicular. I am inzereszed ir. zhe crizena used zo 

ZJllJ??^?' f ° r ToxChl P' ^eluding any control sequences 
inc-uaeo in zhe microarray. 

_» 

> Thank you for your assistance in this request. 

> Diana Hamlet-Cox. Ph.D. ■ 

> Incyze Genomics. Inc. 
> 

> — 
> 
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> m r*is eaail aessmge is for the sole use of zh izzende* -e «— « 

> ««y corsair cor-fidezziel mad privileged izforzmzior. suo^ee—^ 



> azzoraey-clienr prix-Iep . Asy vz&.zhcrized revimc. 

> disrriterion is prohibited. I 



* cij^^rc—o:: is p^^-zec. you Are noz zhe izzezded -e— —«r- 

> please crcrar: lie sender ia' repjy e=ai: arc deszrov a:: cc^ai JS'-^ 

> eriff-nai aessaye. * e 



> 
> 
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to evaluate matches ratk.r #k„^ 8 ««uiucai scores 

between protein, who,, ,«,„,„„ iS™^ 

require, large data sets of proteins whose evlfionart refa 
mX2? h* known 1 unan ">iguouslv and indepenSv VfZ 
me hods being evaluated. However, nearly all kXn i 

specificity (rejeaion of unrelated proteins)- however rh,«. 
complementary goals are linked such tiui Ee^n, „* 
causes the other to be reduced. '"creasing one 

accede wu, , 8 u*C .17,4 JtSSS " " 



sonS^TSX^eS 1 h3V H e eV0 ' Ved 
of programs m^S^TSS"tf myeaiom 

Fo?eSr,hTTas a t haVe » ta ™ *™**. 

ccntage idenuty. Sfi'SLfSSSS^ 
measures have never actually h^-T^ scoring 
bases of real prote^ MoSe f^S?"""' ° n dau " 
common* »%. hav« TSSZt ^S" —» «*— 

in atiXi doTo fUnd8mema ' 
parison work? Tnat s whaTf ac.^fn 37"* 1 $equenee com - 

" derived from lu J™«^«dBite (4). which 
The scop daiTh«>. j functional characteristics (5) 
mo!oL wh?ch ar^„ 0 !r ? 8 T^ 6 * reliable *< " " <£ 
ison. Second we u k e a 7^« Pendem,y 0,seou «ce compar- 
sures both sensi"ft> an^lr me,h n°. d ' ha ' J0U,,,V 
straightforward compartwn oX™ 7,1,5 metnod allw 
procedures. Furthe? ^be^ed o'ain'i .T"" SMrChin « 
database searches an I ?h„, ^ i d imer Pr«at.on of real 
results. d ,huS P rov,de °P'"nal and reliable 

pt^Jto™Z£J^ Several 
different S^^**™™ °< 

passing analyses have been b PeT^ IT enCOnv 

Abbrcv.auon: EPQ. errors per query 
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superfamilies. Pearson found that modern matrices and "ln- 
scaling" of raw sc res improve results considerably. He also 
reported that the rig rous Smith-Waterman alg rithm worked 
slightly better than fasta, which was in turn more effective 
than blast. 

,^ Cry X Wi ICale ana, ^ es of malric « have been performed 
(10), and Henikoff and Henikoff (11) also evaluated the 
effectiveness of blast and Fast a. Their test with blast 
considered the ability to detect homologs above a predeter- 
mined score but had no penalty for methods which also 
reported large numbers of spurious matches. The Henikoffs 
searched the swiss-PROT database (12) and used prosite (13) 
to define homologous families. Their results showed that the 
BLOSUM62 matrix (14) performed markedly better than the 
extrapolated PAM-series matrices (15), which previously had 
been popular. 

A crucial aspect of any assessment is the data that are used 
to test the ability of the program to find homoloes. But in 
Pearson s and the Henikoffs' evaluations of sequence com- 
parison, the correct results were effectively unknown This is 
because the superfamilies in pir and PROStTE are principally 
created by using the same sequence comparison methods 
which are being evaluated. Interdependent of data and 
methods creates a "chicken and egg" problem, and means for 
example, that new methods would be penalized for correctly 
identifying homologs missed by older programs. For instance 
immunoglobulin variable and constant domains are dearly 
homologous, but pir places them in different superfamilies 
The problem is widespread: each superfamilv in pir 48.00 with 
a structural homolog is itself homologous to an average of 1 6 
other pir superfamilies (16). 

To surmount these sorts of difficulties, Sander and Schnei- 
der (17) used protein structures to evaluate sequence com- 
parison. Rather than comparing different sequence compari- 
son algorithms, their work focused on determining a leneth- 
dependent threshold of percentage identity, above which all 
proteins would be of similar structure. A result of this analysis 
was the hssp equation; it states that proteins with 25% identity 
over 80 residues will have similar structures, whereas shorter 
alignments require higher identity. (Other studies also have 
used structures (18-20), but these focused on a small number 
of model proteins and were principally oriented toward eval- 
uating alignment accuracy rather than homology detection ) 
A general solution to the problem of scoring comes from 
statistical measures (i.e., E-values and P-vaJues) based on the 
extreme value distribution (21). Extreme value scoring was 
imp emented analytically in the blast program using the 
Karlin and Altschul statistics (22, 23) and empirical ap- 
proaches have been recently added to facta and ssearch In 
addition to being heralded as a reliable means of recognizing 
significantly similar proteins (24, 25). the mathematical trac- 
lability of statistical scores "is a crucial feature of the blast 
aigon tnm" ( 1 ). The validity of this scoring procedure has been 
tested anatytically and empirically (see ref. 2 and references in 
ref. 24). However, all large empirical tests used random 
sequences that may lack the subtle structure found within 
bio ogical sequences (26, 27) and obviously do not contain any 
real homologs. Thus, although many researchers have sue- 
gested that statistical scores be used to rank matches (24. 25 
28) there have been no large rigorous experiments on bioloc- 
ical data to determine the degree to which such rankings are 
superior. °* 

A Database for Testing Homology Detection. Since the 
discovery that the structures of hemoglobin and myoglobin are 
very similar though their sequences are not (29).' it has been 
apparent that comparing structures is a more powerful (if less 
convenient) way to recognize distant evolutionarv relation- 
ships than comparing sequences. If two proteins show a high 
degree of similarity in their structural details and function it 
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thoup'h £° bab,C ,hM thcy have w ™*"ionary 'eUtionship 
though their sequence similarity mav be low 

hiSf re * cr " $ rowth of P rolci «ructure information com. 
*E~% if COmp I thcns ' vc «*tairj classification m 
the scop database (4, 5) have allowed us t overcome previous 
limitations. With these data, we can evaluate the perfo™«« 
oi sequence comparison methods on real protein sequences 
whose relationships are known confidently. The scop database 
uses structural information to recognize distant homologs, the 
fcrge majority of which can be determined unambiguously. 

Um^ST 1 3 *"? 35 lhc ** obm * or lhc immunoglobu- 
lins would be recognized as related bv the vast maioritv of the 
biological community despite the lack of high sequence 

From scop, we extracted the sequences of domains of 
proteins in the Protein Data Bank (PDB) (30) and cWe^two 
databases. One (pdbwm) has domains, which were all <90% 
identica to any other, whereas <PDB40D-B) had those <40% 
identical. The databases were created by first ^ning 5 
protein domains in scop by their quality and making a list The 
highest quality domain was selected for inclusion in the 
database and removed from the list. Also removed from the list 
and discarded) were all other domains above the threshed 
level of identity to the selected domain. This process was 
repeated until the list was empty. The PDB40D-B da t abase 
contains U23 domains, which have 9.044 ordered pairs of 
distant relationships, or -05% of the total 1,749.006 ordered 
pairs. In pdbvoivb. the Z079 domains have 53,988 re 2E 
ships, representing 12% of all pairs. Low comp exitv rSs 

* b ?T * P rocessin S the sec program 
£2?n £ rcC0mmendcd Parameters: 12 1.8 10. The databases • 
used in this paper are available from http://sss.stanford.edu/ 
^ dalabas « dc ™ d from current version of scop 
may be found at http://scop.mrclmb.cam.ac.uk/scop/ 
P ntn^f fr ° m b ° ll l dalabas « w *'e generally consistent, but 
PDB40D-B focuses on distantly related proteins and reduces the 

^^F^Z** 1 !!*™ in lhe PDB of 3 sma11 number of 

( , 2) - WherCaS PDB90D *B (with more sequences) 
improves evaluations of statistics. Except where noted other? 
Aithn h t homoi °g resul * h"e are from PDB4or> B . 
Although the precise numbers reported here are specific to the 

gene'rar " dalabascs ^ we CX P C « the uends to be 

Assessment Data and Procedure. Our assessment of sc 

com f anSO " may bc dividcd imo four d^rent major 
categories of tests. First, using just a single sequence compar- 
uon algorithm ai a time, we evaluated the effectiveness of 
different scoring schemes. Second, we assessed the reliability 
of « a Tl? 8 P roccdur «;^ du ding an evaluation of the validity 

sor a E SCOrmg ^ WC C ° mparCd SC ^ Cncc co "^ 
son algorithms (using the optimal scoring scheme) to deter- 

mine their reiat.ve performance. Fourth, we examined the 

distribution of homologs and considered the power of pairwise 

u^H C rK C ^ COrT l Par,SOn / 0 Ttco &™ lhe ™ All of the analyses 
used the databases of structurally identified homologs and a 
new assessment criterion. 

Bl ^ a "f- VSK lcslcd (1). version 1.4.9MP. and wu- 

blast: (2). version 2.0al3MP. Also assessed was the fasta 

^ a p>u VCrS, ? n 3 0176 (3) ' Which P rovidcd ^ «>d the 
ssearch implementation of Smith-Waterman (8) For 

-P/ RC ? r d ,^n *f " SC , d BL0SUM < 5 w *th gap penalties 
C1 ;7 {L 16) J* 1 * defa "l< parameters and matrix (blo 
SUM62) were used for blast and wu-BLAST2 

The "Coverage Vs. Error** PIol To test a particular protocol 
(comprising a program and scoring scheme), each sequence 
Irorn the database was used as a query to search the database, 
This yielded ordered pairs of querv and target sequences with 
associated scores, which were sorted, on the basts of their 
scores, from best to worst. The ideal method would have 
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same (old divided by the l0 „| „ umb er otZn t^ ll have been de, «"d. Precisely. * (he number «f J ?? * ' ndiea ' es ,he '"C"™ of 
■dentineauon of 904 relauonships. Th^Z^JLTir^^ "»■>•«■£■ ^«o^o??^^f" ed P" 1 " of P~«« U» 
compamon. 13 errors corresponds «o 0.01. or i£e£ V""*' ° f EP °' Beeauae ,h »« »« J23 „eneT *°* iaoa " ore of 10% indicate, 
accuracy which may be desired. The scores .h a 7^°' V " tt u P rete "*« on a log scale to ^ ,n ,he ">»«»>-«> »«-w-all 

demonstrates the trade-off between ISS^^SS^ i° ' ht aml » °' ^ » Bd coverage ,re E£? f^ 'he widely varytng degree, of 
up). The ideal method would be in the tower^i^?-. V - *» worc *>omolop are found ImovL^ F, « 4 ind Table 1 . The graph 

selecung unrelated proteins. t££^£*£Z« *«. * ra P^ «** cfrresponS u S^^iL B0 '* mon are m » de ««~«5 
th : aligned region of the pro.ems. wi,hol, c^« S n e I'T P '? ned *-mi"S& Sem "''.tT 

n the aligned region as a percentaae of the avera^""^ 

» length for 10 < / < g 0: H > 100 for I < * O if* 'a 7 r / -! 2 Ue £ and lar * el P"»«e.ns. The hssJ identical residues 
«he alignment m.nus H. Smith-Waterman raw scores and E value* ^ iden "" «»" .d.us'ed store I ,h " * i™ 15 '""" 

aftd E - Valu « *«e taken d.rectly from the sequence com«, per " m ldem ">' w,,h "' 
perfect separation, with a l! of ,h. h , . . q " com P ir '*»> P'ogram. 



perfect separation, with all of the homolo£s at the . m „f ». 
« and unrelated proteins below. I„ p S per ecfseoa,' 
t.on ,s tmpossible to achieve so instead oneTLVe esred fn* 
drawing a threshold above which there are the Ur^, 1 
ofreiated patrs of fences co.^^cepTaS 

'o-ver 5 ;^ 

structural determined l^^^^^* 
" P*f ^ uer y ftPQ). an indicator of selectivirv •< .h* 

nr n° re?°oT ,ogous p r above ,he "-SEwS 

oy the number of queries. Graphs of these data called 
coverage vs. error plots, were devised to understand 
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•he percentage idem «T„ te^™ "S" ' en? ' h and 
length and percentage .den,,, ,r ou,n?,«d "^n?" a " ?nmem 
mav have cmciIv thiT»m^ «n"anii2cd. many pairs of proteins 

The line shows tt« H^i&il, ,B f ' b per " ma?e ,den,ltv - 
•i«h a difleren, "n?Z™«T mended '° be a PP" 4d 



6076 Biochemistry: Brenner a al. 

RatiaMMy of Sutttttcal ■ 



Proe. Nad. Aeed. Set. USA 95 (1998) 




ih r»taiJiStt ' ,uutucal "> »»»>b: Each line show, 
„./f~ . " «aw«'cal score and actual error 

rate for a different program. E-v.| ue s are reported for ssearch and 
fast a. whereas P-v.lues are shown for blast and wu-biasp If the 
scoring were perfect, then the number of errors per q^trVlnd the 
E-values would be the same, as mdicated bv the uppe^d^ 
(P-values should be the same as EPO for small' numberT^d j'erg= 
at higher values, as indicated by the lower bold line.) E-vaiuesfrom 

underestimate the significance slightly, blast and wu-blast are 
^confident, with , he degree of exaggeration dependent^ 2 

d^«?h. ™* ' or roiM0I> " B we : e ,,milar ,o ,hMe to 

despite the difference in number of homologs detected This eranh 
could be used to roughly calibrate the reliabiL of a giver IKS 

ignored in previous tests but is essential for the straisthrforward 
or automatic interpretation of sequence comparison results 

fh«..M V Pr ° V u ,d f " C,Mr i " dication of ,he confidence that 
should be ascnbed to each match. Indeed, the EPQ measure 
should approximate the expectation value reported bv data- 
base searching programs, if (he programs' estimates are accu- 

The Performance of Scoring Schemes. All of the programs 
tested could prov.de three fundamental types of scores The 
first score is the percentage identity, which mav be computed 

«ne Se .cn r «ht ay f T - °" e " her ° f ali 8 nm «' °' 

-c 1 ^ the $e q uenc e* The «cond is a "raw" or 
,h,T h - K Va !f rman " ««. w "ich is the measure optimized bv 
the Smith-Waterman algorithm and is computed bv summins 
the substitution matrix scores for each position in' the alien- 
mem and subtracting gap penalties. In blast, a measure 
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Moreover, publications have indicated that 25* identity can 

Desp te the high identity, the raw and the statistical scored 
such incorrect matches are rypicallv no, signS Their ^ 
cipal reasons percentage identity does soS Z 

ta taS US nec ^7 fOTa, i?nme„ts,o be at least 70 residua 

of IteiSS" " a / casonabIe ""«hold. for a datab« 
of this particular size and composition 

rt^l, 3 **** r ' ,iabi,i, y. scores based on percentage identity 
Sta^rscorm^r " *"« b °W OuVd * 
theSrf , 8 - °H e mcaSUreS ,he Percentage identity £ 
SSSKlSfi?" W "£ 0Ul c ° nside »"on of alignment length 
use of nUmber °' diMam "omologs are detected 

use of the hssp equation improves the value of percent™,, 
identity, but even this measure can find OiH^EffiK 

*w Sc„~ l m ?,K°* m eaSUred in 3 Se " ue "cc compart 
Raw Scores. Smith-Waterman raw scores perform better 

no»h P , e K em r ge ,<3em "- V (Rg 1 >• buI ln - s cal.ng f?) proved no 
notable benefit in our analysis. It is necessarv to be vervorec« 
when using either raw or bit scores because 1 °n^"L P 
cutoff score C ou.d yield a tenfold dtffwence in EPQ. HnSJ 
LlLl. £ CU ' £ Ch °° Se a PP'°P™ 'hresholos because Te 

m.S B d y .nd".h ' SC ° re depends ° n ,he ,en * ,hs ° f « he Patens 
matched and the size of the database. Raw score ihr«h«w. 

also are affected by matrix and gap parameters 

Statistical Scores. Statistical scores were introduced partly 
o overcome the problems that arise from raw scores^ 
scoring scneme provjdM (he be$i dlscnmjnal|on ° r ^ tw ^ 

homologous prote.ns and those wh.ch are unrelated Mos" 
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a f IS ^* ^ : ' Md WO - 8l>m » re as good. (B) fDBWM databL Th / slowsSE * RC « *h'ch finds 18* o( relationships 

« 1* EPO on ,h„ da,^. although a, higher ,ev ell ol \ not \ { beToTl?S^ lhe ^ 
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likely, its power ean be attributed to its incorporation of m„,. 
u> formation than any other measure JnSKX^rfE 
m substitution „d gap data (like «TE££ 

scaied 

apTropri h aIer UenCe '"^ " d e ° mP ° SU,0n ™» » 

between mimical scores and S ^be of 

sltghtly conservative estimate of the chances ofTe two^e 
quences being found a. random in a given query Thus 
E-vaiue of 0.01 indicates that rough* one pair of nonhH I 
of this sincerity should be found in ^m ml ™ n ?°' 08S 
Neither raw scores nor percentage idSK ^an b. 
m this way and these results vl.idatl te^5SriS?5 2 
S™r $ e! i U rch d,S,ribmi0n ^ from", 6 
The P-vaiues from blast also should be directlv interpret 
able but were found to overstate significance bv moreHwo 
orders of magnnude for 1% EPQ for this database Nonem? 
less these results strongly suggest that the analvtic Vheorv i 
fundamentally appropriate, wu-BLASn: scores were " 
table than those from blast, but also1««e».e 
confidence by more than an order of magSe a 1%Tpo 

ntbms. The results in Fig. Srf and Table 1 show that painj£ 
sequence comparison is capable of identifying only a small 
fraction of the homologous pairs of sequent I 7r££S 

T i,h E ' Va,ueS - 1,16 best P' 0 "*" ssrss 

find only 18% of all relationships at a 19c EPQ blast tltt 
tdenufies 15% was the worst performer! whereat' fasta 

5?.™ nearl ? as effec ; ,ve as ssearch - fast * ".up = 

afe ,n,ermedlate in their ability , 0 detect h" 
mologs. Comparison of different algorithms indicate? ,h« 
hose capable of identifying more homol£ art "eneralW 
s ower. ssearch is 25 times slower than blast and 6 5 
slower than fasta ktup = 1. wu-blash isshgmh faster han 

best 2 lh r e are man y close "lationships he' 

best method can identify only 38% of structurally knn»n 
homologs (Fig. 55). The method which fmS thai manv 
relationships is wu-blastj. Consequently we infei : thaHS 

2"" un ^ ke »y » ^ significant when compared^ 
vamnon ,n database composition and scoring relUb l" 

founS I C|PS ,0 eXp ' 8in Whv di$,anI ho^'oes cannot be 
h^ have n qUenCe Com P ari *> n: a many such relauon 
ships have no more sequence identity than would be expected 
by chance, ssearch with E-vaiues can recognize >*)%£ £ 
homologous pairs with 30-40% identity. 1„ this region °h2e 
are 30 pairs of homologous proteins that do not have s en if 
.cant E-values. but 26 of these involve sequences with <50 
residues. Of sequences hav,„g 25-30% idenfirv 75^ 
identified by ssearch E-values* However, althoueh the num 
ber of homologs grows at lower levels of id^n ,Z ?u i m ' 
fails off 40* J*^1£^*^ 
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Wenmy (u ,,„g the me Jr^SvTboihT^f I""*"* " ,he,r 
the number of .hoc paars found" b £ b^da.L * re ' 10ns 
(ssearch with E-values) at 1 % Iw? dawb »" searching method 
protein, with <40^dent t a ^ I h : h PDB40tVadaub " e ~"'»'« 
structurally identified hSp ?^ ^HL ""^ m0$< 
nemelv f„ in ugutnct M<l ^™* '. lib »' have d.verged ex- 

alignments mav be inaccurate VoVria.fv ^? '^ n, " > Nolc ,h »' me 
regions shw that ssea~« can^S Y at low ,evel » »' ««'i.y. Riled 
or more idenUr? bm % £™, y m0S ' tei ™<"»>»P> 'h« h w 
Consequenth. the pea, " eouenel h' 0 " belw 
identified cvblut.onf?^ "taiSSS. « r?tnCe ° f mMt "^""rallv 
panw Be com^rn^etl^rm- * 

K'S'shou Vk 0 * ° f ,hOSC W " h I5 - 20% « be found 

of the method ? rS «X?h?iS^ r - 

protein sequences. ' g d,v «8 e n« of many 

After completion of this work a new v e «ir. n „r 
blast was released blastcp f37i I, «. ° f p3,nV,se 

ments. like wu-biast^ \«h ' su PPons gapped align- 
initial tests o„ B S Lino ZT Wi,h Sum s,a,i$,is ^' 
E-values are reli^LT 8 efaU " P aramel « show that its 
was .utat.m'5 be.f" ,k 81 'i S ° V, ; ra " de,ec,ion of homologs 
quae equ" Sa^wJ.^ °' "" aa ^ d - 



CONCLUSION 



The general consensus amongsi experts i see refs 7 ">4 ^ T? 
and relerences therein i sugeesis that ,h ( „„ « * 
auence s«>r/>k>. ^ »Be»« mat tne most effective se- 

in wh"h"he o^,V ' bV " ' USm? 3 lar - Ee cu ""' diabase 
Our results also suggest two further po.nts First the F va i 
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extent f errors. Second. SSEarch. wu-busti and Fast a 
nup * 1 perform best, though bust and facta ktup = 2 
detect most f the relationships found by the best procedures 
and are appropriate for rapid initial searches. 

The homolog us proteins that are found bv sequence com- 
panson can be distinguished with high reliability from the huee 
number of unrelated pairs. However, even the best database 
searching procedures tested fail to find the large majority of 
dwant evolutionary relationships at an acceptable erro"«te 
Thus if the procedures assessed here failYo find a reliable 
match, it does not imply that the sequence is unique: rather it 
indicates that any relatives it might have are distant one •'• 

"Additional and updated information about this work, meludin, 
supplementary figures, may be found at hnpV/gg^ffi 

™" u ' h< " , " e 8» ,e '«l to Drs. A. C. Munin. M. Levitu S. R. Eddy 
and G. Mitehison for valuable discussion. S.E.B was rrnnoTTiL 
supported by a St John, College (CuMO»VntSSS^ 
Scho.,„h,p and by tb, Amencan^rLnds ^SiS^fuSS 
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Annexins in cancer and autoimmune diseases 



B. C. Bastian 

f^JSZSZ?*"*- «— - * 

Abstract. Several annexins have been implicated in the pathogenesis of h™;™ , a ,• 
different origins. In some tumours a suppressive action ofSS^ b^fno™ 1^ rT ° f 
tumours indicate an involvement of annexins in tumour prog^oTln^eTht ST ° f ^ 

distinct episodes of fetal development these dbmwJ^S^^^J^^ TT™ ° f 31 
development and differentiation. This view is supported bJd*l S ? ° f ^ " Cellular 

signal transduction. Auto-antibodies acains sZTannL^ h i l ° diS ^ a of 

diseases such as systemic lupus mta^^JST^ "een detected in patients with autoimmune 
is unclear whether their presena TXT* ^ relevant h ?k and inflammatory bowel disease. Until now it 

expression of a raised J^ZI^T^ ^ ^ " "** « «™P«^ 

Key worts. Annexins; neoplasms; pathology; autoimmune diseases; auto-antibodies; differentiation. 



Expression of annexins in tumour* - 

P T 65510 " ° f ^ 1 ta 3 Variet y of central ^d periph- 

1 he finding that several annexins are subject to growth- eraJ nervous system tumours |8| and squamous cell 
dependent regulation of expression, together with their carcinom a of the skin [9J. 

participation in signalling pathways and cell-cell adhe- AX " 2 has also been sh own to underlie a growth-depen- 
sion, has awoken interest in their role in the pathogenesis dent re S ula£ ion and to be inducable by mitogenic sub- 
of cancer. Considering the related structural properties stances |10 ' "1- In c °ntrast to the described tumour 
of the annexins it is of interest that tumour suppressing su PP ressive effects assigned to AX-1 the association of 
and promoting attributes have also been demonstrated AX " 2 Phosphorylation with retroviral transformation 
for different annexins. has raised the suspicion that AX-2 could be involved in 

In 1983 Hattori et a!, reported that AX-1 can induce **** pathogenesis of cancer (12- 14]. AX-2 has been 
differentiation in the human histiocytic lymphoma cell snown to be hi 8hly abundant in human hepatocellular 
line U937 (1). In their experiments a similar effect could cardn °ma but not in normal liver, human fetal tissue or 
be obtained by treatment of the cells for 6 days with generating rat liver after injury |15J. Overexpression of 
dexamethasone. This dexamethasone-inducible differen- AX ' 2 mRN A and protein have further been demon- 
tiation could be blocked by a monoclonal anti-AX-1 strated in human pancreatic cancer and pancreatic cancer 
antibody, suggesting that the dexamethasone effect was derived cel1 lines I 16 - W. multi-drug resistant small cell 
mediated by AX-1. However, other investigators failed lung cancer |18 '- high but not low grade gliomas |19 
to confirm AX-1 mRNA and protein induction by dex- 201 In the Eker rat hereditary renal carcinoma model a 
amethasone in U937 cells [2] as well as in primary dominant disorder with a defect in the rat analogue of 
human macrophages [3). That these discrepancies might ±e numan tuberous sclerosis (TSC2) gene, a differential 
be a reflection of different culture conditions has been analysis snowed the AX-2 heavy chain to be one of four 
shown by Schlaepfer et al. [4|. The cellular level of genes witn ^creased expression compared to normal 
AX-1 varies with the growth state of cells, with prolifer- animals 1211 Low feline AX-2 expressions and strong 
ating cells having significantly higher cellular levels and mcreases after induction of differentiation are found in 
synthesis rates than quiescent cells. Differentiation in- PC12 rat adrena l pheochromocytoma and the F9 
duction by AX-1 was also reported for the human lung murine ter atocarcinoma cell lines |22. 23). Tressler et al 
cell adenocarcinoma cell line A549 [5. 6] and the human haVe demo ™trated that AX-2 and AX-6 expressed on 
squamous cell carcinoma cell line SqCC/Yl |7). Im- murine RAW117 lymphoma cells serve as adhesion 
munohistochemical analyses have revealed increased mo,ecules for tumour cell -endothelial cell binding [24 

251 The y snowed that AX-2 and AX-6 are present on the 

Current address: Cancer Genetics Program. University of Califor- eKtema] P ' aSma membrane and that the binding of 
Kaliiwu^n^f'r' Box m *- San Francisco tUmour ceIls could be significantly reduced by antibodies 
USA) ' FaX +l 4,5 476 8218 ' e -™" : ag f inSt ° r ^ These ""dings indicate a pivotal 

role of certain AXs in cell-cell interaction. 
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AXs-1, 2, 4, 5 and 6 were also shown to be expressed by 
cultured osteoblasts and the human osteosarcoma cell 
line MG-63 [26]. In this study the amount of AX-5 
found in MG-63 cells was three times higher than in the 
primary osteoblast cultures. The authors also noted an 
influence on AX-5 levels on the state of growth of the 
culture. Karube et al. found a decrease of AX-5 mRNA 
and protein in carcinomas of the uterine cervix and 
endometrium when compared to normal tissues [27J. As 
AX-5 has been shown to exert an inhibitory action on 
protein kinase C [28, 29) the decreased levels of AX-5 
might lead to a deregulated activation of protein ki- 
nase C. 

In contrast to AX-1 and -2 which are regulated during 
normal cell growth, the expression of AX-6 appears to 
be constitutive in most cell lines [30]. Tumour suppres- 
sive effects have been assigned to AX-6 in certain model 
systems. AX-6 is not expressed in the human squamous 
cell carcinoma line A431 which is characterized by a 
lack of contact inhibition and reduced growth factor 
requirement. After transfection with the AX-6 gene 
A431 cells stopped proliferating after reaching conflu- 
ence [31] and grew smaller tumours than the non-trans- 
fected cells in mice [32]. Recently, AX-6 has been 
demonstrated to be differentially expressed in a murine 
melanoma cell line when compared to a syngeneic 
Melan-a-immortalized melanocyte cell line [33]. 
Acute promyelocytic leukemia (APL) is a disorder char- 
acterized by a balanced t(15;17) translocation in which 
the breakpoint involves the retinoic acid receptor-a and 
the PML gene [34]. AX-8 was shown to be overex- 
pressed in APL cells in the majority of cases [35, 36]. As 
the AX-8 gene is located on chromosome 10 its overex- 
pression cannot be directly related to the translocation. 
Interestingly, all-trans-retinoic acid, a strikingly effec- 
tive drug to induce remissions in APL patients, is able 
to reduce the AX-8 expression in the APL-derived cell 
line NB4 [35]. This has been shown to be due to 
transcriptional regulation of the AX-8 gene [36]. The 
negative response of AX-8 expression to all-trans- 
retinoic acid supports the notion that AX-8 might act as 
a signal transducer involved in regulation of cell growth 
and differentiation. 

Annexiiis as potential auto-antigens in autoimmune 



Auto-antibodies against AX-1 in patients with 
rheumatic diseases such as systemic lupus erythematosus 
(SLE) and rheumatoid arthritis (RA) were first de- 
scribed by Hirata et al. in 1981 [37]. These investigators 
found that patients' sera were able to abrogate the 
inhibitory action of a partly purified rabbit lipocortin on 
phospholipase A 2 . This effect was decreased after ab- 
sorption of the IgM fraction but not the IgG fraction of 
the sera, which suggests that circulating IgM antibodies 
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against AX-1 were present in those patients. Later 
AX-1 of the IgM and to a lesser extent of the IgG-type 
were found in patients with RA and SLE using a 
recombinant human AX-1 and a correlation with dis- 
ease activity was claimed [38]. Initially, it was suggested 
that corticosteroids might, by the induction f AX-1, 
induce the formation of AX-1 auto-antibodies, and that 
their presence might impair the inhibitory action of 
corticosteroids on phospholipase A 2 [38]. However, a 
causal role of corticosteroids in the induction of AX-1 
auto-antibodies seems unlikely, because asthma patients 
treated with corticosteroids do not show AX-1 auto- 
antibodies [39]. Furthermore, no association of AX-1 
auto-antibodies with either serum phospholipase A 2 lev- 
els or activity could be shown [40]. Patients with SLE 
were also reported to have auto-antibodies against AX-5 
[41). In this study the auto-antibodies were more com- 
mon in patients who additionally had positive anti-car- 
diolipin antibodies or lupus anticoagulant. AX-1 
auto-antibodies have also been demonstrated in patients 
with inflammatory bowel diseases, such as Crohn's dis- 
ease or ulcerative colitis, who lack any association with 
corticosteroid treatment [42]. Interestingly, in this study 
patients with active confirmed bacterial diarrhoea had 
the highest titres of AX-1 auto-antibodies, suggesting 
that their presence might not be confined to auto-im- 
mune diseases but might reflect a nonspecific reaction to 
inflammation. This view is supported by studies demon- 
strating auto-antibodies against AX-1, AX-2, AX-3, 
AX-4, AX-5, and AX-6 in a plethora of inflammatory 
and neoplastic skin diseases without a clear correlation 
to any disease group including auto-immune diseases 
[43, 44]. For obvious reasons, a final judgement on the 
relevance of AX auto-antibodies requires the elucidation 
of the functions of AXs. 
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Alterations of Annexin Expression in Pathological 
Neuronal and Glial Reactions 

Immunohistochemical Localization of Annexins /, // 
(p36 and p11 Subunits), IV, and VI in the 
Human Hippocampus 



David A. Eberhard, Morry D. Brown, and 
Scott R. VandenBerg 

From the Department of Pathology (Seuropathologyh 
Vnhvrsity of Virginia Health Sciences Center. 
Charioncsi 'Hie. \ 'irginia 

Annexins are Ca 2 ^ -dependent membrane-binding 
proteins that are potentially important in Ca 2 +- 
induced neurotoxicity or neuroprotection. To ad- 
dress the possible involvement of annexins in cel- 
lular reactions to brain injury and 
neurodegenerative disease, we studied the im- 
munohistochemical localization of annexins I, // 
(p36 and pi 1), JV, and VI in the adult human 
hippocampus. Formalin-fixed, paraffin -embed- 
v ded tissue from autopsy cases representing hy- 
poxic-ischemic injury, seizure disorders, Alzhei- 
mer's disease, and age-related controls were 
examined Neurons showed cytoplasmic immu- 
noreactivity for annexin I, whereas annexin VI 
was distributed in patterns suggesting plasma 
membrane and perisynaptic locations. The cyto- 
architectural distribution of annexin VI within 
neurons was altered in pathological states and 
annexin VI was strongly associated with neuro- 
nal granulovacuolar bodies in Alzheimer's dis- 
ease. Reactive astrocytes expressed annexins I, 
// (p36 and pll) t and IV, whereas quiescent as- 
trocytes were minimally immunore active. Signifi- 
cant annexin immunore activity was also de- 
tected in oligodendrocytes (annexin IV), 
ependymocytes (I, II, and IV), choroid plexus (I, 
IV, and VI), meningot helium (I, II, IV, and VI), 
and vascular endothelium (II and TV) and 
smooth muscle (I, IV, and VI). This is the first 
comparative study of immunore activities for 
multiple annexins in human brain. Neurons and 



glia display selective and different profiles of an- 
nexin protein expression and show immunohis- 
tochemical changes in pathological conditions, 
which suggest involvement of annexins in neuro- 
nal and glial reactions to injury. (Am f Pathol 
1994, 145:640-649) 



The annexins are a family of proteins that are defined 
by a conserved COOH-termina! domain that confers 
Ca 2- -dependent binding to membranes containing 
acidic phospholipids. The NH 2 -terminal sequence of 
each annexin is unique and presumably confers func- 
tional specificity to the protein. A variety of roles for 
annexins in cellular physiology have been proposed, 
such as mediation of membrane trafficking events 
and membrane-cytoskeleton interactions, regulation 
of phospholipase activity and eicosanoid release, re- 
ceptor signal transduction, modulation, or formation 
of Ca ? " channels, and control of cellular proliferation 
and differentiation. 1 - However, at present there is 
little understanding of the specific functions of par- 
ticular annexins in vivo. 

Annexins are widely distributed among species 
and tissues. In the mammalian nervous system, dif- 
ferent annexins are expressed in various cell 
types. 3-6 The patterns of annexin expression in the 
brain may change during development 3 7 and in 
pathological states 8 9 To better define the relation- 
ship of annexins to cellular reactions to injury and de- 
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generation in the human central nervous system, we 
have compared the distributions of annexins I. II (p1 1 
and p36 subunits), IV, and VI in the hippocampus after 
a variety of conditions associated with glial reactions 
and neuronal damage. In this study, hypoxic ischemic 
damage, chronic seizure-related injury, and Alzhei- 
mer's disease were accompanied by specific alter- 
ations in both the cellular distributions and cytoarchi- 
tectural patterns of the annexins. The most prominent 
cr.anges occurred with the cytoarchitectural distribu- 
tion of annexin VI in neurons and increases of annex- 
ins I. II, and IV in reactive astroglia. These data sug- 
gest that the annexins may be involved in neuronal 
and glial responses to acute and chronic injury. 



Materials and Methods 
Case Material 

Hiopocampal sections from a total of 20 postmortem 
:ases (13 male. 7 female) were examined. Four pa- 
vents (ages 35 to 66 years) with no history of either 
acute or chronic neurological disorders were re- 
garded as controls. Six patients had histories of sei- 
zure disorders: two had asymmetric hippocampa! 
sclerosis and four showed mild to moderate hilar as- 
"ogliosis without significant neuronal loss. Four pa- 
rents with histories of chronic dementia had patho- 
■ogical findings diagnostic of Alzheimer's disease. 10 
"our patients had significant hypoxic/ischemic 
events that occurred 4 days to 2 weeks before death: 
three showed neuronal loss in hippocampal CA1 with 
gliosis and one had a subacute infarct in CA1. Two 
oatients were terminally unresponsive after shock 
and showed acute neuronal injury without gliosis. 
Postmortem intervals for all cases ranged from 2 to 24 
"ours (median. 12 hours). Neurosurgical specimens 
■/.ere used as controls to assess the effects of post- 
mortem fixation delay on annexin immunohistocnem- 
stry. These consisted of gray and white matter from 
cerebral neocortex and hippocampus and repre- 
sented a variety of diseases, including inflammatory 
orocesses, infarcts, seizure disorders, and Alzhei- 
mer's disease. 



Tissue Processing and 
Immunohistochemistry 

In most cases the entire brain was fixed by immersion 
m 10 to 20% phosphate-buffered formalin at room 
temperature for 2 weeks before dissection and routine 
embedding in paraffin. In three cases, the brains were 
freshly dissected and hippocampal slices were fixed 



for 3 to 4 days at 4 C in phosphate-buffered 10% 
formalin before paratiin embedding. The control neu- 
rosurgical specimens were fixed and processed un- 
der a variety of conditions, ranging from rapid immer- 
sion and fixation of fresh tissue in 10% buffered zinc 
formalin for 48 hours at 4 C to routine fixation for 8 to 
24 hours at room temperature. Fixed tissue was em- 
bedded in either regular temperature or low melting 
point paraffin (42 C). Variations in tissue processing 
did not affect the cellular and cytoarchitectural local- 
izations of specific annexin immunoreactivities re- 
lated to either normal or disease states. The overall 
intensity of immunostaining was somewhat less ro- 
bust in deeper regions of the postmortem brains fixed 
by whole immersion compared with fresh tissue sec- 
tions that were more rapidly fixed. 

Immunohistochemistry was performed for annex- 
ins I. II (p1 1 and p36). IV, and VI and for glial fibrillary 
acidic protein (GFAP) in all cases: for Si 000 and 3A4- 
amyloid in Alzheimer's disease cases: and for syn- 
aptophysm, HAM 56. and factor VIII in selected other 
cases. Primary antibodies were obtained from the fol- 
lowing sources and used at the indicated concen- 
trations in phosDhate-buffered saline (PBS): 1 ) mono- 
clonal mouse IgG antibodies directed to annexin I, 
annexin II (c36 monomer), annexin II (pi 1 subunit). 
annexin IV. and annexin VI (each at 1:500: Zymed 
Laboratories. Inc.. South San Francisco. CA): 2) rab- 
bit polyclonal antibodies directed to GFAP (1:1400: 
Dako Corp.. Carpinteria. CA); 3) monoclonal mouse 
IgG directed to synaptophysin (SY38. 1:10: Boeh- 
ringer Mannheim Corp., Indianapolis. IN); 4) rabbit 
polyclonal antibodies directed to 04-amyloid (1:10: 
Boehringer Mannneim Corp.); 5) rabbit polyclonal an- 
tibodies directed to S 100)3 (1:2000; Chemicon Inter- 
national. Inc.. Temencula. CA); 6) monoclonal mouse 
IgG antibodies directed to human macrophage anti- 
gen (HAM 56. 1 : 1 00: Dako Corp. ); and 7) monoclonal 
mouse IgG antibodies directed to factor VIII (1 10: 
Dako Corp.). The specificities of the antiannexin an- 
tibodies were confirmed by Western blotting of nor- 
mal and neoplastic human brain tissues and of cul- 
tured U251 human glioma cells. 

Paraffin sections. 5 u thick, were prepared for im- 
munohistochemistry by deparaffmization in xylene, 
preincubation for 30 minutes at 22 C with methanolic 
H ? 0 ? (1.75%). and hydration in graded alcohols. For 
annexin II (pi 1 subunit or p36) immunohistochemis- 
try sections were then treated either with pepsin 
(Sigma Chemical Co.. St. Louis. MO) 4 mg/ml in 0.01 
N HCl for 15 to 30 minutes at 37 C or by microwaving 
at 750 W in 1 0 mmol/L sodium citrate buffer (pH 6) for 
three to four consecutive 5-minute intervals, replacing 
evaporated buffer volume with H?0 after each inter- 
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val. The patterns of pn immunoreactivity produced 
after each of these treatments were identical. For o36 
m.crowave pretreatment allowed detection of immu- 
noreact.vity but pepsin pretreatment did not For de- 
tect™ of 0A4 epitopes, sections were incubated with 
88 /« formic acid for 5 minutes at 22 C. All sections 
were then rinsed in PBS. blocked with 1.5% nonim- 
mune serum in PBS (horse serum for monoclonal an- 
tibodies or goat serum for polyclonal antibodies) and 
incubated with the primary antibodies for 18 to 24 
hours at 4 C. Primary antibody was labeled by the 

l2Tu?T TT" method,1 usin9 ,he VecIastain 

Elite kit (Vector Laboratories Inc.. Burlingame CA) 
and visualized with peroxidase-coupled anti-mouse 

SarI J?* ! ntib ° dieS USin9 *aminobenzidine 
(DAB) as the chromogen. The sections were coun- 
terstamed with hematoxylin. 
Dual-label immunohistochemistry for pn and 
was P^ormed by first visualizing pi 1 with mi- 
crowave pretreatment as described above using ami- 
noemylcarbazole (AEC) as chromogen. The sections 
we e then incubated with pepsin (4 mg/m! in 0.01 N 
HCi. 15 minutes at 37 C). rinsed in PBS. and blocked 
with nonimmune goat serum. GFAP was then visual- 
ized as described above, using DAB-Ni complex as 
chromogen. Dual labeling for 0A4 and pi 1 was per- 
formed by first visualizing 0A4 with formic acid pre- 
treatment as described above using AEC as chro- 
mogen; pn was then visualized with pepsin or 
microwave pretreatment as described above using 
DAB-Ni complex as chromogen. 



Annexin Nomenclature 

Studies cited herein have used a variety of des.gna- 

*Z of r anneXin Pr ° ,einS The s y* s ™ ^ "ere 
.s that of Crumpton and Dedman-" p3 7. annexin I- 

annex1nV| X,n " m ° n0mer: ^ Mn ,V: * 67 ™' 



Results 

Normal Hippocampus 

Ptl). IV. and VI are summarized in Table 1. 

Annexin I 

Moderate to strong immunoreactivity for annexin I 

aZ^T ne T S - sube P er *ymal and subpia. 
astrocytes, choroid plexus epithelium, ependyma 
and vascular smooth muscle (Figure 1A). In neurons' 



Tablet. ^ rW ^ rtono/ ^ 

H,pfx <ompus and .A^wed Secure* 

Annexin 



II 



Neurons 

Subependymal/subpial 

astrocytes 
Parenchymal astrocytes 
Oligodendrocytes 
Ependyma 
Choroio plexus 
Meningothelium 
Endothelium 
Smooth muscle 



IV 



VI 



+ + + 



+ + 

+ + + + + + + + 
+++ + +++ 
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annex,n I was primarily confined to the soma in a de- 
fuse 0 granular cytoplasmic pattern (Figure 3 F) 
some me S Wlth a perinuclear m .. ^ ^ .J. 

s-ty of the annexin l immunoreactivity of the hio- 
Poca mpal neurons ranged from most ' « 

polar neurons of the stratum oriens. to moderate in the 
pyramida, neurons of the cornu ammonis. and to on, 
mild in the granular cells of the dentate gyrus Im- 
munoreactivity in other cell types generally showed - 
diffuse cytoplasmic pattern. Subependymal and sut- 

TcSTT* 6Xhibi,ed m ° derate im ™°'eac,iv,:- 
in eel bodies and larger processes. In contrast, an- 

nexin , was no, detected in nonreactive parenchyma 

astrocytes and oligodendroglia. The neuropil showea 

a fa-nt to mild diffuse staining, somewhat less in I 

matter compared with gray matter. Immunoreactivity 

m vascular endothelium was mild and variable 



Annexin II (p36 and pi 1) 



Immunoreactivities for annexin || ( p3 6 and pn, 
showed similar cellular and cytoarchi.ectural distr, 
bunons (Figure 1B). In ependymocytes and sub- 
ependyma! and subp,a: astrocytes, immunoreactivr, 
was usualiy most intense at the cell periphery but wa I 
sometimes cytoplasmic. Immunostaining in dee- 
white matter was variable and when present was as- 
sociated with perivascular astroglia. Annexin II p36 
and p 1 were absent ,n neurons, nonreactive parer- 
chymai astrocytes, oligodendrocytes, and neuropil 
In other cell types, pi 1 and p36 immunoreactivitiec 
were strong in arachnoid meningothelium and vas" 
cular endothelium, whereas staining of the choree 
Plexus ep.thel.um and vascular smooth muscle wa< 
variable and mild. 

Annexin IV 

^! m V° SU ° ng cyt °e las ™ immunoreactivity tor 
annexin IV was present in subependymal and subpia! 
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Figure 1. Annexm tmmunobi.<t*ichentistry of normal htpj-Kompus Adjacent tissue sectu*ns uxtv proct'ssed for annexm IkAi. pi 1 iB«. annexin /V 
(C l . and annexm 17 (D> usinu hn>tm-aviJin unman- Jnsi, K t H 'rfitsin «•;;.» hematav\itn cannierstain A: Annexm I u its present m murntni! cell 
bodies in the dentate xynt> and Amm.m s born, glut in htpf*Kamfiai jhsun: fimhnu and ah \u> and efk'ndymu unj ivsa'L* B: flense p! J xtr.mu- 
tvneiKtivity uas associated with jehu inftmhrui. ah <u> and h:/>r*.ean:;ni; 'fissure una in/* resets and ependvma C; Vh' disinhutum tf annexm 
IV mmmiiureactirity resembled that ffpll hut the stuimny ua* Ie+* dense ana nt.,n diffuse lmmuwreacttr:;\ in dentate firanuU- ieli law-- uas 
o<s*Kioted with pha. D: Annexm 17 uu> prominent tr, pyramidal and granule cv/7 layers and dentinth' field* Morning in jhnhna and aliens uas 
primarily axonal Unfiina! mavnifKattnn. x/~5 1. Autumns h>nna. lAJ. h. CAJ. c. CH.v d. CA-n. J. ^mntile teli law of dentati £\rns .S 
tempttal b'trn (,f lateral tvntneU •< btp}**amf>al fissure. 5. ahem (.fimbria 



astrocytes, oligodendroglia. choroid plexus, 
ependyma. arachnoid meningothelium, vascular 
smooth muscle, and endothelium (Figure 1C). The 
subependymal and subpial astrocytes contained dif- 
fuse or granular staining patterns in cytoplasm and 
larger processes. In choroid plexus epithelium, an- 
nexin IV was distributed in a relatively coarse granular 
cytoplasmic pattern, often with subapical accumula- 
tion, and in ependymocytes was usually localized to 
cell borders. Annexin IV in oligodendroglia was most 
apparent in populations exhibiting perineuronai and 
perivascular satellitosis where it was present as a thin 
perinuclear cytoplasmic rim or outlining the plasma 
membrane (Figure 3H). Annexin IV was never de- 
tected in neurons. 

Annexin IV was also detected in the nuclei of some 
ependymocytes. astrocytes, oligodendrocytes, and 
endothelial cells. The presence of nuclear staining 
was not correlated with cytoplasmic staining or the 
type of lesion, clinical history, or patient age. 

Annexin VI 

Moderate to strong annexin VI immunoreactivity was 
present in neurons, choroid plexus epithelium, arach- 



noid meningothelium. and vascular smooth muscle 
(Figure 1D). In pyramidal neurons, annexin VI was 
primarily localized to the plasma membranes of den- 
dritic processes and perikarya and in neuropil in a 
granular or punctate pattern similar to that of synap- 
tophysin (Figure 3. A and B). Bipolar neurons in the 
stratum oriens displayed dense cytoplasmic staining 
of soma and proximal processes, whereas the immu- 
noreactivity in granule cells was less prominent. The 
only immunoreactivity in the white matter was con- 
fined to axc^a! fibers. Annexin VI in the choroid plexus 
epithelium was concentrated in the apical and basal 
regions, whereas ependyma displayed negligible im- 
munoreactivity Annexin VI was not detected in non- 
reactive astrocytes, oligodendroglia. and endothelial 
cells. 



Pathological States 

All the types of acute central nervous system damage 
and chronic degeneration were associated with al- 
terations of the cytoarchitectural distribution of an- 
nexin VI in affected neurons and increased expres- 
sion of annexins I. II, and IV in react : ve astrocytes. 
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However, he .ntraneuronal distribution of annexin VI 
and the relative degree of expression for the annexins 
showed some differences in the various pathological 
processes. 

Neuronal Annexins 

In subacute hypoxic ischemic injury, seizure dam- 
age, and Alzheimer's disease, the surviving CA2 ov- 
ramidal neurons displayed increased annexin VI im- 
munoreactivity within the somal cytop.asm (Figure 
The differences in staining intensities of the CA2 
neurons compared with those in other areas was often 
quite marked. Similar but more variable changes 
were present in the CAS and CA4 neurons. In Alzhei- 
mer s d.sease, the granulovacuolar bodies within de- 
generating pyramidal neurons were strongly immu- 

noreactiveforanrex ; - V T >- „.■,,_ 

thQ „^. .. a, "' ex -'^ '-'uwjo.ar membranes of 

these bodies were consistently labeled, whereas the 
granular bod.es were more variably stained (Raure 
3E). In contrast, annexin VI was never detected in 
neurofibrillary tangles or neuritic plaques 

Each case of acute hypoxic ischemic injury dis- 
played a unique pattern of annexin VI immuno-eac- 
jvrty wuhin neurons. The first was a concentration of 
mmunoreactivity within proximal dendritic segments 
in CA2-4 (Figure 3C) or within the somal cytoo'asm in 
CA1-2 (Figure 3D). The other was a markedly het- 

o^hT d,Stribut,on of 'mmunoreactivity within 
pyramidal neurons, including focal staining of plasma 
membrane and vesicular structures within the cyto- 

ln contrast to annexin VI. annexin I immunoreac- 
-vrty ,n neurons showed no consistent pattern of al- 
terat.on ,n the various disease states. In Alzheimer's 
disease, staining within neurons was excluded from 
intracellular neurofibrillary tangles and granulovacu- 
olar bod.es in degenerating neurons. 



Glial Annexins 

Reactive astrocytes were identified by prominent 
cytoplasm and processes with strong GFAP immu- 
noreact.v.ty. Astrocytes in the endfolium region adja- 
cent to the granular cell layer appeared ,0 be the most 
sens.t.ve ,0 developing reactive changes in response 
to hypoxic ischemic injury and seizures. In more se- 
vere cases reactive astrocytes were more widely dis- 
tributed, particularly in areas of neuronal loss or in- 
farct.ooln Alzheimer's disease, reactive astrocytes 
were d) « use | y distributed Qften jn ^ 

senile plaques and degenerating neurons. 



eZTJT™** P ° PUla,i0nS disp,a * ed va "^.'e 
expression of annex.ns I, ll. and IV. In general an- 

ceTandrr^ ? *" ^ Pr °™ ^ 
telenl SUrr0und,n 9 ne <"°P'< * regions of more 
severe ghosis. eg. adjacent .0 an infarct (Figure 2Aj 
The .mrace.lu.ar pattern of annexin . immunoLc.^ 
was always diffuse (Figure 3F). Annexin IV was 2 
fusely d.s.nbuted within gemistocytic astrocytes (Fi 0 - 
ure 3. H) or ,n punctate, granular, or vesicular patterns 
w.th,n fibrillary astrocytes. In contrast, annex' J pT? 
and P 36 were usually most strongly localized at the 
cen penphery. in Alzheimer's d.sease. astrocytic p 11 , 
P36 was also localized .0 discrete p.aque-like area* 
Figure 2B). Dual-label immunohistoc ^ 
showed that pi, immunoreactive astrocytes whe 
present, were only in cose proximity to diffuse and 
mature /3-amyloid plaques and were not associated 
with either dystrophic neurites or e^aTn^ 
ternary tangles. However, many Amyloid plaques 
were no, associated with p i 1/p36 im™^^ 
in contrast to the focal pattern of P 1 V p35 expression 
GFAP and S100/3 immunoreactive astrocytes were 
more wfoel y distributed (Figure 3G) Annexin I or IV 
.mmunoreactive astrocytes did not show a plaque- 
like pattern and were distributed without any speciT- 
reatonship ,0 neurit.c plaques, neuro^,.^ 
tangles, or degenerating neurons 

Only annexm IV could be consistently identify in 
activated microglia with ramified, rod. and ameboid 
morphologies. These cell populations were also im- 
munoreactive for the HAM-56 macrophaoe antigen 
bu not GFAP or factor VIII. Annexm IV immuno'eac 
t'v-ty was distributed in granular or vesicular patterns 
withm the cytoplasm and processes. 



Discussion 



Previous studies have described tne isolation and 
biochem.cal characterization 0. the major spec.es of 
annex.ns .n mammalian brain, which include annex- 
.ns,,,,, IV.andV,-3 Littlei . sknownhowever e 

Sthl? C ? C ?" Ular diStribU,i0n 0r P h ^,o,og,cal roles 
of this fam.ly of prote.ns in the human nervous system 
This study examined the comparative cellular focal- 
•zat.on of the major annexins in the human hippocam- 
pus. which contains physiologically d.st.nct neuronal 
ceil types and undergoes well-characterized patho- 
ogical changes in response to injury and degenera- 
te processes. Annexin VI was selectively distributed 
m neurons and annexins II and IV in glia whereas 
annexm l was present in both neurons and astrogl.a 
inese data concur with previous findings in non- 
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Figure 2. Pathological patterns ofpJJ immunoreactwity. A: Suixicute infarct in CM Tlx 1 region adjacent to the infarct was densely stannui An- 
nextns I. II < p.tt>>. and /V showed similar patterns. (Biotm-artdin immunoperoxidasc with hematoxylin counterstam. original magnification 
*150.) B: Alzheimer's disease. Stunting was asst*cutted with plaaues m CA-t. xBtotWHiiidm immnnufteruxiiList' with hematoxylin counterstam. 
original magnification *60. > I. infarct. GC. granule cell luwr of dentate gyrus: ML. mnlixutar laxvr of dentate g\rus. 



human mammalian brain. 3 ~ 5 - 13 Our findings also im- 
plicate the annexins in neuronal and astroglial re- 
sponses to acute and chronic neurodegenerative 
conditions. 

Annexin I has been shown to be a major cellular 
substrate for the EGF receptor tyrosine kinase 14 and 
has also received much attention as a putative en- 
dogenous anti-inflammatory agent. 15 The localization 
of annexin I immunoreactivity in neurons of the cornu 
ammonis and dentate gyrus and in subependymal 
astrocytes, ependymocytes. and choroid plexus cor- 
responds to the localization of the EGF receptor. 16 
Like annexin I, the EGF receptor is also expressed in 
reactive astrocytes but not in queiscent astrocytes. 17 
The parallel distributions of these proteins are thus 
consistent with a role for annexin I in mediating effects 
of EGF on neurons and glia. Annexin I has also been 
proposed to play a role in regulating glial prostag- 
landin production, based on the relationships be- 
tween annexin I expression, phospholipase A ? activ- 



ity, and eicosanoid release in cultured astrocytes. 18 
Annexin I in rat hippocampus has a neuronal and glial 
distribution like that described here 5 and is present in 
synaptic plasma membrane fractions as a covalent 
dimer. 19 presumably due to cross-linking by transglu- 
taminase 20 In human brain. Johnson et al e detected 
annexin I immunoreactivity in ependyma. sub- 
ependymal astrocytes, choroid plexus, and reactive 
astrocytes associated with brain injury, but unlike this 
study, not in neurons. The most obvious explanation 
for this variance would be differences in the epitopes 
recognized by the antibodies used in these studies; 
it is possible that posttranslational modifications of 
annexin I in neurons, such as cross-linking, could 
mask immunoreactive epitopes. 

Annexin VI immunoreactivity was associated with 
neuronal cell membranes and processes in a pattern 
suggestive of terminal and perisynaptic locations 
and was the only annexin that was not detected in 
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reactive or quiescent macroglia. The choroid plexus 
secretory epithelium showed strong annexin VI stain- 
ing concentrated in the subplasmalemmal region. 
One potential role for annexin VI in synaptic terminals 
and choroid plexus is regulation of clathrin-mediated 
membrane trafficking. Clathrin-coated vesicles are 
involved in the biogenesis of dense-core secretory 
granules and synaptic vesicles, and in the endocy- 
totic recycling of vesicles after exocytosis 21 Annexin 
VI is required for the budding of clathrin-coated en- 
docytotic pits in vitro 22 Although the clathrin heavy 
cnain does not exhibit Ca 2 * -dependent membrane 
binding properties, it co-purifies with annexins VI 
and IV prepared from brain using this technique, 
suggesting an association with the annexin pro- 
teins 4 Annexin VI has also been shown to modulate 
:ne activity of a ryanodine-sensitive Ca 2 ^ channel in 
sarcoplasmic reticulum. 23 Ryanodine receptors have 
oeen identified in r.e^rzr.z. 24 raising the possibility 
:nat annexin VI might modulate neuronal Ca 2 " sig- 
naling mechanisms. 

Expression of annexins II (p1 1/p36) and IV in neural 
3ells was limited to glia. However, the glial cell popu- 
■ations expressing these annexins and the cytoarchi- 
:ectural distribution of immunoreactivity within cells 
■.vere quite different. Immunoreactivities for pi 1 and 
o36 were associated primarily with plasma mem- 
o'ranes and processes of reactive astrocytes, 
whereas annexin IV staining was cytoDlasmic in re- 
active astrocytes and was also present in some oli- 
godendrocyte populations, activated microglia, and 
sometimes in the nuclei of glial (and endothelial) cells. 
These different patterns of annexin localization most 
likely reflect roles in different cellular activities, such 
as proliferation 25 migration, 26 and extension of cy- 
toplasmic processes. 25 27 The localization of annexin 
IV in nuclei has been previously reported in fibro- 
blasts 28 Intranuclear functions of annextns are sug- 
gested by the discoveries that annexin II is a com- 
ponent of the DNA polymerase a-primer recognition 
protein complex 29 and of a novel annexin associated 
with calcyclin. 30 

Two patterns of annexin localization were charac- 
teristic of Alzheimer's disease: the association of an- 
nexin VI with granulovacuolar bodies in degenerating 
pyramidal neurons and expression of annexin II (pi 1/ 
p36) by astrocytes closely associated with some 



3-amyloid plaques. Granulovacuolar bodies contain 
immunoreactivities for cytoskeletal epitopes similar to 
those found in neurofibrillary tangles and neuritic 
plaques, and thus seem to be related to neurofibrillary 
degeneration. 31 The presence of strong annexin VI 
immunoreactivity associated with the membranes of 
granulovacuolar bodies (but not with neurofibrillary 
tangles or neuritic plaques) suggests that annexin VI 
could be important in their formation, perhaps involv- 
ing an aberrant vesicular trafficking pathway. The oc- 
casional association of p11/p36 immunoreactive as- 
trocytes with extracellular 0-amyloid deposits in 
Alzheimer's hippocampus suggests that some amy- 
loid plaques may contain a component that stimulates 
annexin II expression. Plaques are heterogeneous in 
composition, containing variable amounts of amyloid 
precursor derivatives, neuritic components, micro- 
glia, and secondary substances such as immuno- 
globulins and complement factors. 32 It seems likely 
that plaque components other than amyloid and neu- 
rites are related to annexin II expression in plaque- 
associated astrocytes, because pn/p36 immunore- 
activity was inconstantly present in mature or 
immature plaques and was not seen in reactive as- 
trocytes associated with extracellular neurofibrillary 
tangles, which, like neuritic plaques, contain paired 
helical filaments. 

The increased expression of annexins in pathologi- 
cal states may represent a neural tissue response that 
serves to limit damage. Membrane degradation by 
phospholipases represents one mechanism underly- 
ing neuronal injury after hypoxia ischemia, excitotoxin 
exposure, seizures, and in chronic neurodegenera- 
tive diseases 32 Annexins. which inhibit phospho- 
lipase activity in vitro, could thus act as endogenous 
neuroprotective agents. In subacute and chronic 
states (posthypoxic. seizures, and Alzheimer's dis- 
ease) annexin VI immunoreactivity was consistently 
increased within the cytoplasm of pyramidal neuronal 
soma in CA2. Neurons in this region are more resistant 
to injury than those m other regions of the hippocam- 
pus, raising the possibility that an increase in annexin 
VI expression could represent a response promoting 
neuronal survival or recovery from injury An alterna- 
tive explanation is that annexin VI may accumulate in 
neuronal soma because of disruption of normal 
axonal-dendritic transport mechanisms, because an- 
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nexin VI has been identified in the slow component of 
axonal transport in rat peripheral nerve * 

ron^TcT 86 ^ 6 °' ann6Xin ' '""^activity in neu- 

ona. . ' COmPa,ib ' e ^ the hyP0tnesis »* neu- 
ronal annexms could confer resistance to Ca-- 

rnduced neuronal injury. Although annex.n I did not 
show patterns of expression in neurone, populations 
which dearly corresponded with their relate de- 
grees of resistance or susceptibility to injury recent 
stud.es have directly demonstrated neuroproSe 
propert.es of endogenous annexin I. Surprising^ 

space bet'" aPP6arS t0 r6Side in ,he e * raca »^ 
nexin ,' Ti mavem ' c ^ administration of an- 
nexin l ,n l,ve rats decreased the sizes of cerebral 
lesions induced bv ischemias „, „, , ^'eurai 
an^iet as u ,scnemia or glutamate receptor 
agonists wnereas jnjec , jon of neutra( P 0 

had the opposite effect. Potential sources of endoo 
enous ex, race||ular annexjn , CQu|d £*0 

lease by neurons and reactive astrocytes or secretion 
-nto the cerebrospinal fluid by choroid plexus T 

secreted by other cell types.3e.37 A * 
be reused from damaged tissue or inflamma^y 
eels. Altnough this study confirms previous obser 

T^TT ' 15 inCreaSSd in N-ed tain 
sue. we found that annexms II and IV were also 
increased. The roie(s) of these annexms in neu op 0 
taction has yet to be studied 

Annexms in the cerebral vascular endothelium are 
Probably no, related to special physiologic Mun 
■ons. such as the blood-brain barrier, because rela- 
-e-y h.gh levels of annexins I. II. IV, and V. are present 
. n cultured human umbilical vein endothelial cells - 

an neTjtZ" ' ^ ™ ^™ 

causlfth ,m ^ noreac " v i'y in the endothelium be- 
cause of the relatively strong reaction in adjacent vas- 
cular smooth muscle and neuropil. Our data reg d- 
^9 annex* expression in cerebrovascular smooth 
muscle agree with a previous report tha' smooth 
-usee ce„s express annexin V, butnot annex" I" 
h „ nnex ' ns k are wid ely distributed throughout the 
body and therefore could be involved in pathoph s. 
o<og,cal processes in nonneura. tissues and b^n 
Annexm I expression is increased in rat rena" tuSs 
during recovery from ischemia.- supportmg a t 

SZZT anneX ' nS Par,,C,Pa,e ^ cel- 
lular and tissue mechanisms for limiting injury and 

as described here ,n the human hippocampus mav 
define patterns of expression that afe unique O C om 
mon to various types of cells and pathological state" 

Sc?or sbetweenspecif,ca ^--- 
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Gerke, Volker, and Stephen E. Moss. Annexins: From Structure to Function. Physiol Rev 82: 331-371, 2002; 
10.1152/physrev.00030.2001. — Annexins are Ca 2+ and phospholipid binding proteins forming an evolutionary conserved 
multigene family with members of the family being expressed throughout animal and plant kingdoms. Structurally, 
annexins are characterized by a highly a-helical and tightly packed protein core domain considered to represent a 
Ca 2+ -regulated membrane binding module. Many of the annexin cores have been crystallized, and their molecular 
structures reveal interesting features that include the architecture of the annexm-type Ca 2 + binding sites and a central 
hydrophilic pore proposed to function as a Ca 2+ channel. In addition to the conserved core, all annexins contain a second 
principal domain. This domain, which NHg-terminally precedes the core, is unique for a given member of the family and 
most likely specifies individual annexin properties in vivo. Cellular and animal knock-out models as well as dominant- 
negative mutants have recently been established for a number of annexins, and the effects of such manipulations are 
strikingly different for different members of the family. At least for some annexins, it appears that they participate in the 
regulation of membrane organization and membrane traffic and the regulation of ion (Ca 2+ ) currents across membranes 
or Ca 2+ concentrations within cells. Although annexins lack signal sequences for secretion, some members of the family 
have also been identified extracellularly where they can act as receptors for serum proteases on the endothelium as well 
as inhibitors of neutrophil migration and blood coagulation. Finally, deregulations in annexin expression and activity have 
been correlated with human diseases, e.g., in acute promyelocytic leukemia and the antiphospholipid antibody syndrome, 
and the term annexinopathies has been coined 



I. INTRODUCTION: OVERVIEW OF THE 
ANNEXIN FAMILY 

Nature has achieved the means to tightly control 
intracellular Ca 2+ concentrations, thereby enabling the 



ion to serve second messenger functions in a variety of 
processes which couple extracellular signals to cellular 
responses. Systems regulating intracellular Ca 2+ levels 
thus are considered part of the intricate Ca 2+ signaling 
network. They include gated Ca 2+ channels and energy- 
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dependent pumps, which are located in organelle mem- 
branes and the plasma membrane, as well as intracellular 
Ca 2+ binding proteins serving as regulated Ca 2+ buffers. 
Other classes of Ca 2+ binding proteins participate more 
directly in Ca 2+ signaling as they display altered proper- 
ties in response to Ca 2+ binding. Annexins can be consid- 
ered a subgroup of the latter, although their precise po- 
sition within Ca 2+ signaling chains remains elusive. 
Moreover, a growing body of evidence suggests that an- 
nexins can also function in their Ca 2+ -free conformation 
in a hitherto unknown fashion, thereby increasing the 
functional diversity among these proteins. 

The name annexin is derived from the Greek annex 
meaning "bring/hold together" and was chosen to de- 
scribe the principal property of all or at least nearly all 
annexins, i.e., the binding to and possibly holding to- 
gether of certain biological structures, in particular mem- 
branes. The name also has a somewhat historical flavor as 
it takes into account the point that a number of the groups 
who independently of one another discovered annexins 
were in search for such scaffolding or bridging proteins. 
However, initially, i.e., at the date of their discoveries in 
the late 1970s and early 1980s, annexins received diverse 
and unrelated names referring to their biochemical prop- 
erties. These included synexin (for granule aggregating 
protein, Ref 52), chromobindins (proteins binding to 
chromaffin granules, Ref. 54), calcimedins (proteins me- 
diating Ca 2+ signals, Ref. 199), lipocortins (steroid-induc- 
ible lipase inhibitors, Ref. 85), and calpactins (proteins 
binding Ca 2+ , phospholipid, and actin, Ref. 101). Intensive 
biochemical work, protein and cDNA sequencing, as well 
as gene cloning led to the realization that all such proteins 
identified shared key biochemical properties as well as 
gene structure and sequence features. Hence, the concept 
of a novel multigene family arisen by gene duplication 
was developed and the common name annexin was intro- 
duced to solve the terminology tangle (55). 

By definition, an annexin protein has to fulfill two 
m^jor criteria. First, it must be capable of binding in a 
Ca 2+ -dependent manner to negatively charged phospho- 
lipids. Second, it has to contain as a conserved structural 
element the so-called annexin repeat, a segment of some 
70 amino acid residues. Molecular structures obtained for 
a number of annexins over the past decade helped to 
extend the similarities to the three-dimensional level. 
Moreover, they defined a hitherto unknown structural 
fold, the conserved annexin domain, which is built of four 
annexin repeats packed into a highly a-helical disk, and 
which now is considered to be a general membrane bind- 
ing module. Once clearly defined and advanced by ge- 
nome sequencing work, the annexin family has grown 
steadily in the 1990s, and with the turn of the century, 
now amounts to more than 160 unique annexin proteins 
present in more than 65 different species ranging from 
fungi and protists to plants and higher vertebrates (Fig. 1) 



(202, 204). In this review we summarize the biochemical 
and structural properties of annexins, putting a particular 
emphasis on novel aspects of annexin interactions with 
lipids and other biological ligands. For a detailed discus- 
sion of the canonical annexin properties, their structural 
organization, and intracellular as well as tissue distribu- 
tion, the interested reader is referred to previous reviews 
(51, 97, 244). 

Having accumulated a wealth of biochemical and 
structural knowledge, we are still in need of assigning a 
physiological function to the annexin family as a whole, 
or better, because they are likely to differ, to individual 
annexins. Recent knock-out models, both at the cellular 
and the animal level, as well as the development and use 
of dominant-negative mutant proteins have introduced 
the first direct approaches for analyzing annexin function. 
They underscore the concept of functional diversity 
within the family. Moreover, it has recently become clear 
that certain dysregulations in annexin expression and 
activity can be correlated with human diseases and that 
this has led to the introduction of the term anneocinopa- 
thies. Although we still have to await final proof of a 
direct correlation, we decided to concentrate our review 
on such recent developments leading to the proposal of 
some models concerning annexin function. 

II. BIOCHEMICAL PROPERTIES OF ANNEXINS 
AND THEIR THREE-DIMENSIONAL 
STRUCTURE 

A. Molecular Structures 

1. Structures of annexin protein cores: the conserved 
membrane binding modules 

Each annexin is composed of two principal domains: 
the divergent NH 2 -terminal "head" and the conserved 
COOH-terminal protein core. The latter harbors the Ca 2+ 
and membrane binding sites and is responsible for medi- 
ating the canonical membrane binding properties. An an- 
nexin core comprises four (in annexin A6 eight) segments 
of internal and interannexin homology that are easily 
identified in a linear sequence alignment (for review, see 
Ref. 244). It forms a highly a-helical and tightly packed 
disk with a slight curvature and two principle sides. The 
more convex side contains novel types of Ca 2+ binding 
sites, the so-called type II and type III sites (335), and 
faces the membrane when an annexin is associated pe- 
ripherally with phospholipids. The more concave side 
points away from the membrane and thus appears acces- 
sible for interactions with the NH 2 -terminal domain 
and/or possibly cytoplasmic binding partners (Fig. 2). The 
first structure known for an annexin core was that solved 
by Huber et al. (134) for annexin A5 in 1990. In the 
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Name 



Synonyms/Former name(s) 



Human gene 
symbol 



annexin A1 
annexin A2 
annexin A3 
annexin A4 
annexin A5 
annexin A6 
annexin A7 
annexin A8 
annexin A9 
annexin A10 
annexin A11 
annexin A12 
annexin A1 3 

Name 



lipocortin 1, annexin i ANXA1 

calpactin 1 , annexin II ANXA2 

annexin ill ANXA3 

annexin IV ANXA4 

annexin V ANXA5 

annexin VI ANXA6 

synexln, annexin VII ANXA7 

annexin VIII ANXA8 

annexinXXXi ANXA9 
ANXA10 

annexin XI ANXA11 
unassigned 

annexin XIII ANXA13 

Organism/Former name Gene symbol 



Non-human 
gene symbo l 



Anxal 
Anxa2 
Anxa3 
Anxa4 
Anxa5 
Anxa6 
Anxa? 
Anxad 
Anxa9 



Anxal 0 J I 

\Anxa1$ 




HUMAN ANNEXINS 
plus 



COGNATE 
OrTTHOLOGS 



J 3 species of insect annexin IX Anxb9 
annexin B10 4 species of insect, annexin X AnxbW 
annexin B1 1 1 species of insect, annexin Anxb 1 1 
annexin B12 Cnidaria, annexin XII Anxb12 
3 species of flatworms, 5 annexins 
10 species of roundworms, 5 annexins 
(inclucfing C.etegans annexins XV-XVIi,XXX) 



ANIMAL ANNEXINS without 
HUMAN ORTHOLOGS 



Name 


Organism/Former name 


Gene symbol 


annexin C1 


Dtctyostelium and 






Neurospora annexin XIV 


Anxcl 


annexin C2-C5 


4 species of fungi/ 






molds/alveolates 


Anxc2-c5 


Name 


Organism/Former name 


Gene symbol 



FUNGI/MOLDS and 
CLOSE RELATIVES 



annexin D1-D25 



35 species including 
annexin XVIII and 
annexins XXII-XXIX 



Anxd1-d25 



Name 



Organism/Former name Gene symbol 



annexin E1 
annexin E2 
annexin E3 



Giardia annexin XXI 
Giardia annexin XIX 
Giardia annexin XX 



Anxel 
Anxe2 
Anxe3 



□ 



PLANTS 



PROTISTS 



fig. 1. The new annexin nomencla- 
ture. The five major annexin groups (A-E) 
are shown, with details of the most ex- 
tensively studied family members. The 
nomenclature is that proposed by Reg 
Morgan and Pilar Fernandez and en- 
dorsed by participants at the 50th 
Harden Conference on Annexins held at 
Wye College, UK, September 1-5, 1999. 
A more extensive list of annexin sub- 
families and species is posted at the Eu- 
ropean annexin web site (http://www24. 
brinkster.coiri/armexins/). There are several 
important points to note. The vertebrate an- 
nexins (A1-A13) are unlikely to be widely 
represented in invertebrate species. The 
oldest of this group, namely, annexins A7, 
All, and A13, are possible exceptions, and 
an annexin All ortholog has been de- 
scribed in the mollusk Aplysia. Within the B 
group, the Caenorkabditis elegans annex- 
ins have yet to be assigned numbers. In the 
C group, the Dictyostelium annexin, origi- 
nally described incorrectly as annexin VII 
(synexin), is now established as being or- 
thologous to the Neurospora annexin. 



meantime, more than 10 crystal structures for annexin 
cores have been described showing a remarkable conser- 
vation of the overall three-dimensional fold. Aspects of 
molecular annexin structures have been reviewed in de- 
tail previously (see, for example, Refs. 133, 178, 305), and 



the purpose of this review is to discuss only recent and 
novel developments in this area. 

Recent findings include the elucidation of the first 
structures of annexins from lower eukaryotes and plants. 
Liemann et al. (177) crystallized the core of annexin CI 




fig. 2. Crystal structure of human annexin A5. The 
ribbon drawing illustrates the highly a-helical folding of 
the protein core that forms a slightly curved disk. Different 
colors were chosen to highlight the four annexin repeats 
that are given in green (repeat I), blue (repeat ID, red 
(repeat III), and violet/cyan (repeat IV). The NH r terminal 
domain appears unstructured and extends along the con- 
cave side of the molecule (green). The high and low Ca 2+ 
forms are shown in a superposition revealing the confor- 
mational change in repeat III, which leads to an exposure 
of Trp-187 (violet for the low and cyan for the high Ca 2+ 
form). Bound Ca 2+ are depicted as yellow spheres. [Image 
kindly provided by R. Huber, S. Liemann, and A. Lewit- 
Bentley, as modified from Ref. 178.] 
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from Dictyostelium discoideum, whereas Hofmann et al. 
(127) elucidated the structure of a plant annexin, annexin 
Dll from Capsicum annuum, which revealed not only 
the typical annexin fold but also differences to nonplant 
annexins in annexin repeats I and HI and in the membrane 
binding loops. Another recent advance is the introduction 
of benzodiazepine and benzodiazepine derivatives as an- 
nexin ligands and their cocrystallization with annexins. 
The benzothiazepine K201 was first described to bind to 
annexin A5 and inhibit its Ca 2+ channel activity, most 
likely by restraining a hinge movement of the two annexin 
A5 modules formed by annexin repeats I/IV and II/III, 
respectively (149, 150). Other structurally related benzo- 
diazepine compounds have subsequently been identified 
as ligands for various annexins with the interaction being 
based on similar structural principles (126). However, a 
possible pharmacological role of these interactions re- 
mains to be shown. Crystal structure determination and 
biochemical characterization in combination with site- 
directed mutagenesis have also proven powerful in recent 
years in characterizing the contribution of certain resi- 
dues to the overall fold of annexin cores and/or their 
biochemical properties. Conserved arginine residues 
present in the so-called endonexin fold of each homology 
segment, for example, were shown to be crucial for sta- 
bilizing the tertiary structure of annexin A5. On the other 
hand, substitution by alanine of different serine and thre- 
onine residues and the unique tryptophan in the same 
annexin results in altered membrane binding underscor- 
ing the importance of these residues in mediating inter- 
molecular, i.e., annexin-phospholipid, contacts (31, 32). 
Moreover, mutational analysis revealed that the aspartate 
residue at position 226 of annexin A5 participates as a 
molecular switch in a Ca 2+ - and pH-dependent conforma- 
tional change (294). Like many other annexins, annexin 
A4 is a substrate of protein kinase C (PKC), at least in in 
vitro reactions, and Kaetzel et al. (147) have attempted to 
monitor structural changes resulting from this phosphor- 
ylation. They show that replacement by glutamate of the 
PKC acceptor site, threonine-6, causes a release of the 
NH 2 " terin i na l domain from the protein core indicative of a 
regulatory role in the membrane aggregation displayed by 
this annexin. Annexin B12 has also been subjected to 
detailed scrutiny by mutagenesis involving cysteine sub- 
stitutions for spin labeling purposes (see below) and the 
glutamate at position 105. This residue has been found to 
participate in the formation of intermolecular Ca 2+ bind- 
ing sites in a hexameric form of the molecule (185), and 
replacement of Glu-105 by lysine stabilizes this hexamer 
by favoring extensive hydrogen bonding (35). 

Recently, techniques other than crystallization of the 
soluble proteins have been introduced to study in detail 
structural properties of annexins, in particular when 



bound to membrane or phospholipid surfaces. They in- 
clude cryoelectron microscopy, which led to the identifi- 
cation of highly structured junctions formed by different 
annexins between opposing membranes (167), and 
atomic force microscopy (AFM), which enabled the high- 
resolution analysis of two-dimensional crystals of an- 
nexin A5 formed on planar lipid bilayers (248, 249). Two- 
dimensional crystals of annexin A6 formed on artificial 
lipid monolayers were also obtained and characterized 
recently, revealing an intrinsic flexibility of this eight- 
annexin repeat-containing molecule. Here the two lobes 
of annexin A6, i.e., repeats I-IV and V-VIII, respectively, 
were found to bind to the phospholipid in both parallel or 
antiparallel orientation, with the latter providing a struc- 
tural basis for membrane cross-linking (6). Evidence for 
conformational changes occurring in annexins upon 
membrane binding was obtained by analyzing membrane- 
bound annexin A5 with transmission and internal reflec- 
tion infrared spectroscopy. Interestingly, it was inferred 
from these studies that a new 0-structure with interstrand 
hydrogen bonds oriented parallel to the membrane sur- 
face is formed upon interaction with a lipid monolayer. 
On the other hand, analyses of two-dimensional crystals 
of the same annexin on membrane surfaces by high- 
resolution electron microscopy and AFM, and crystal 
structure analysis of a cross-linked form of annexin A2 
capable of binding membranes, do not provide evidence 
for substantial conformational alterations accompanying 
the canonical Ca 2+ -dependent membrane binding (26, 29, 
229, 248). Relatively subtle changes, however, might oc- 
cur. These include the exposure of the unique tryptophan 
in repeat 3 of annexin A5 observed in high Ca 2+ (47, 174). 
Thus, despite the wealth of structural information on 
soluble as well as membrane-bound annexins, it is not 
clear whether the peripheral and Ca 2+ -dependent mem- 
brane binding of annexins as a whole, or individual an- 
nexins, requires or is accompanied by conformational 
changes. Moreover, the structural basis of (possible) 
membrane insertions of annexins triggered by certain 
environmental changes like hydrogen ion concentration 
(see below) need to be described in more detail, possibly 
also by integrating into such analyses the characterization 
of folding properties of individual annexin repeats such as 
the first repeat of annexin Al (49, 94). 

2. Structures of the unique NH 2 -terminal annexin 
domains and their complexes with protein ligands 

Molecular details of the three-dimensional folds of 
annexin molecules are mostly restricted to the protein 
core domains (see above) and unique NH 2 -terminal re- 
gions of the smaller annexins containing NH 2 -terminal 
sequences of 16 or fewer residues. In these structures, the 
NH 2 -terminal sequences extend along the concave side of 
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the molecule partially engaged in hydrophobic interac- 
tions with the protein core. In annexin A3, a direct effect 
of the NH 2 -terminal domain on properties displayed by 
the core has been shown by replacing Trp-5 (in the unique 
NH 2 -terminal sequence) by alanine. The W5A mutant pro- 
tein shows a much stronger phospholipid binding, and 
although having a similar overall structure has a more 
disordered NH 2 -terminal domain. Interestingly, through 
urea-induced denaturation analysis, it became apparent 
that the NH 2 -terminal domain, even though comprising 
only 16 residues, unfolds separately from the protein core 
(128). Thus it appears that the short NH 2 -terminal do- 
mains of the smaller annexins, located on the concave 
side of the folded molecule, affect the Ca 2+ -dependent 
phospholipid binding executed by the convex, or oppo- 
site, side possibly through stabilizing or destabilizing 
slightly different conformations of the molecule. This un- 
derscores the regulatory importance of even the small 
3SJH 2 -terminal domains, a notion that had previously been 
postulated due to the presence of sites for posttransla- 
tional modifications in these regions (see below). More- 
over, the finding that subtle differences in the NH 2 -termi- 
nal sequence, which do not affect the overall structure, 
result in significantly altered properties could at least in 
part explain functional diversity among otherwise highly 
conserved annexins. 

Recently, the first complete structure of a longer 
annexin, annexin Al, has been determined at high reso- 
lution (255). Annexin Al has an NH 2 -terminal domain of 
40 residues, the first 10-14 of which represent the binding 
site for a protein ligand of the S100 family, S100A11 (188, 
273). Interestingly, in the Ca 2+ -free crystals of annexin 
Al, this NH 2 -terminal sequence forms an amphipathic 
a-helix and replaces a helix in the tightly packed core 
domain (helix D of repeat III), which in turn is unwound 
and partially extrudes from the protein surface (255). 
Such a structure could have interesting mechanistic and 
regulatory consequences. Given the tight internal packing 
of the NH 2 -terminal helix, one would assume that this 
sequence is not available for S100A11 binding in Ca 2+ -free 
annexin Al. However, upon Ca 2+ -dependent membrane 
binding, the D helix of repeat III could be forced back into 
the position described for the Ca 2+ -loaded annexin Al 
core (335), thereby freeing the NH 2 -terrninal helix and 
enabling this sequence to interact with S100A11. More- 
over, such movement could be the prerequisite for the 
membrane aggregation activity described for annexin Al, 
e.g., by making accessible a second membrane binding 
site or a site for homophilic annexin 1 interaction (for a 
hypothetical model see Fig. 3). Thus, in the case of an- 
nexin Al, Ca 2+ could have a dual regulatory function. 
First, it could trigger membrane attachment through the 
convex side of the molecule, and second, by inducing the 
switch of helix D, it would enable the membrane-bound 



protein to interact with cellular protein ligands (S100A11) 
and/or a second membrane surface. In this respect, it is 
interesting to note that thermodynamic analyses revealed 
cooperativity in the binding of Ca 2+ to annexin Al (257). 
Finally, the conformational switch postulated by Rosen- 
garth et al. (255) could also modulate the accessibility of 
phosphorylatable residues in the NH 2 -terminal domain of 
annexin Al for their respective kinases (see below), 
thereby guaranteeing a spatially restricted, probably 
membrane-dependent, regulation of annexin Al activities. 

The structure of the very same NH 2 -terminal domain 
of annexin Al comprising residues 1-14 has also been 
solved in complex with its S100A11 ligand. Cocrystals of 
S100A1 1, a homodimeric protein containing two EF hand- 
type Ca 2+ binding sites, with the NH 2 -terminal annexin Al 
peptide revealed a 1:1 stoichiometiy, with the two pep- 
tides occupying hydrophobic pockets on two opposite 
sides of the S100A11 dimer (246). The structure of the 
complex proved to be very similar to that of the NH 2 - 
terminal sequence of annexin A2 bound to a related S100 
protein, S100A10 (247). In both annexins (Al and A2), the 
first 14 residues form amphipathic a-helices providing the 
binding sites for two ligands of the S100 protein family 
(15, 142, 188, 273). At least in the case of annexin A2, it 
has been shown that the formation of a heterotetrameric 
complex containing the S100A10 dimer and two annexin 
A2 chains significantly alters the properties of this an- 
nexin in vitro and also within cells (for reviews, see Refs. 
97, 330). Importantly, the annexin A2-S100A10 complex 
can aggregate membrane vesicles at micromolar Ca 2+ 
levels, a property not shared with monomelic annexin A2 
or, as a matter of fact, any other annexin. The structure of 
the NH 2 -terminal annexin A2 peptide in complex with 
S100A10, in combination with high-resolution images of 
junctions formed between adjacent membranes by the 
annexin A2-S100A10 complex, now provides the first de- 
tailed structural explanation of this aggregation activity. It 
appears that due to the highly symmetric nature of the 
structures, the complex links annexin A2-bound mem- 
brane surfaces through the dimerization of S100A10, i.e., 
the two annexin A2 subunits of the membrane-linking 
complex are bound to two separate bilayers with the 
S100A10 dimer connecting them through binding to the 
NH 2 -terminal domains (167, 175, 247). A similar scenario 
could hold true for the annexin A1-S100A11 complex, 
which in contrast to annexin A2-S100A10 requires Ca 2+ 
binding to the S100 protein and probably Ca 2+ /mem- 
brane-bound annexin (see above) for complex formation. 
Nevertheless, we are still in need of high-resolution struc- 
tures of complete annexin A2-S100A10 and annexin Al- 
S100A11 complexes to prove or disprove this attractive 
model, as well as some evidence that the annexin Al- 
S100A11 exists in vivo. 
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2nd membrane site 




plus Ca 2 * • 
plus membrane 





S100A11 



Closed conformation 
no Ca 2 *, no membrane 



Open conformation 
S100A1 1 site accessible 
P-site(s) accessible 
2nd membrane site accessible 





fig. 3. Model describing the switch of helix D in the annexin Al structure and its implications for membrane 
aggregation. In the crystal structure of Ca 2+ -free annexin Al (red), the NH 2 -terminal a-helix, which contains the S100A11 
binding site (brown), is replacing helix D of the third repeat (255). Ca 2+ -dependent membrane binding could be 
accompanied by a conformational change establishing the Ca 2 " K -bound crystal structure of the annexin Al core (335) 
and, most likely, a more accessible NH 2 -terminal domain. As a result, the NH 2 -terminal domain can interact with a second 
membrane surface or the S100A11 dimer, which itself requires Ca 2+ binding to establish an interaction-competent 
conformation. An as of yet hypothetical annexin A1/S100A11 heterotetramer would represent an entity capable of linking 
membrane surfaces (see text and Ref. 255 for details). 



B. Annexins as Membrane Binding Proteins: 
Canonical and Atypical Properties 

i. Ca 2 * -dependent phospholipid binding and vesicle 
aggregation 

Biochemically, annexins are defined as soluble, hy- 
drophilic proteins that bind to negatively charged phos- 
pholipids in a Ca 2+ -dependent manner (they are Ca 2+ / 
phospholipid binding proteins). This binding is reversible, 
and removal of Ca 2+ by Ca 2+ chelating agents will lead to 
a liberation of annexins from the phospholipid matrix. 
The interaction of annexins with negatively charged phos- 
pholipids observed in vitro is thought to reflect in a more 
physiological scenario the binding to cellular membranes, 
in particular, the cytosolic leaflets of the plasma mem- 



brane and various organelle membranes. This canonical 
annexin property is retained within the annexin cores, the 
conserved annexin modules most likely representing 
building blocks designed for peripheral membrane asso- 
ciation. However, although Ca 2+ -dependent phospholipid 
binding is shared by all annexins, individual members 
differ significantly in their Ca 2+ sensitivity and phospho- 
lipid headgroup specificity. A large number of reports 
analyzing the Ca 2+ -regulated phospholipid binding of an- 
nexins in vitro have been published, and a comprehensive 
overview has been given by Raynal and Pollard (244). 

Although differences in the binding to phospholipids 
with different headgroups (e.g., phosphatide acid, phos- 
phatidylserine, phosphatidylinositol) have long been rec- 
ognized in in vitro studies, it has only recently become 
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clear that annexin cores also show specificity with re- 
spect to their membrane binding in living cells. Through 
expression of chimeric proteins containing different an- 
nexin cores fused to the green fluorescent protein (GFP), 
it was possible to visualize the distribution of such an- 
nexin cores in living cells. Strikingly different distribu- 
tions were observed within a given cell type showing, e.g., 
an endosomal localization for the annexin Al core, an 
association with certain plasma membrane structures for 
the annexin A4 core, and a nonmembranous, cytosolic 
distribution for the annexin A2 core (245). Such live cell 
experiments have to be extended to reveal annexin dy- 
namics and to circumvent the potential problem that in 
fixed cells annexin distributions could be subjected to 
artifacts due to the presence or absence of Ca 2+ in the 
fixation/permeabilization buffers. Although the annexin 
cores carry specificity with respect to membrane binding, 
an additional layer of such specificity is most likely added 
by the unique NH 2 -terminal domains of the annexins as in 
live cells full-length proteins show distributions often dif- 
fering from the respective cores (73, 196, 245). Moreover, 
it remains to be seen how interactions with other protein 
ligands and posttranslational modifications (see below) 
affect the specific localizations of annexins to certain 
cellular sites. 

Although well described in vitro, the physiological 
importance of Ca 2+ -dependent phospholipid (and mem- 
brane) binding is not understood. However, interesting 
models have been put forward to assign functions to a 
peripherally associated and abundant membrane binding 
protein like, e.g., annexin A5. In situ, annexin A5 can form 
two-dimensional crystals on planar lipid bilayers contain- 
ing negatively charged phospholipids (26, 229, 248, 249). 
Such crystalline or semi-crystalline arrangement will 
most likely affect membrane properties including rigidity, 
fluidity, and lipid segregation and can therefore partici- 
pate in the regulation and/or stabilization of membrane 
domains. Indeed, electron paramagnetic resonance (EPR) 
spectroscopy reveals that Ca 2+ -dependent binding of an- 
nexin A5 to phospholipid vesicles parallels a rigidification 
of the membrane (193). Moreover, it was shown that 
binding of this annexin to the surface of T cells (by an as 
yet unknown mechanism) delays programmed cell death 
most likely by generating a certain (in this case extracel- 
lular) membrane constraint which in turn interferes with 
the release of CD4 + membrane particles (99). On the 
other hand, membrane binding also affects the annexin 
protein, as annexin A5, thermodynamically a marginally 
stable protein (like annexin Al; Refs. 256, 328) is pro- 
tected to a significant degree from thermal denaturation 
by Ca 2+ /phospholipid binding (338). 

Annexins are not only capable of binding phospho- 
lipid-containing membranes but at least in some cases, 
e.g., annexins Al, A2, A4, A6 and A7, also mediate mem- 
brane vesicle aggregation. Again, phospholipid composi- 



tion and Ca 2+ sensitivity for this aggregation activity dif- 
fer for individual members (for review, see Ref. 244). As 
molecular structures of annexins reveal one Ca 2+ /lipid- 
binding surface (see above), several models have been 
put forward to explain an aggregation activity based on 
the linking of membrane surfaces (see also Ref. 97). One 
proposal, based on the self-association properties of sev- 
eral annexins, is a protein-protein interaction of annexin 
molecules bound to two separate membranes (for re- 
views, see Refs. 51, 244; recent example in Ref. 180). A 
second explanation is based on the identification of a 
second membrane binding site in annexin Al (for review, 
see Ref. 97 and also discussion in Ref. 23). A sequence in 
the unique NH 2 -terminal domain of annexin Al, residues 
24-35, constitutes a crucial part of this second binding 
domain and when fused to the core of annexin A5 can 
confer membrane aggregation activity to this otherwise 
inactive annexin (40). In contrast to the Ca 2+ -dependent 
primary membrane binding via the annexin Al core, the 
secondary binding is mainly hydrophobic in nature, and it 
appears that lateral aggregation of annexin Al molecules 
bound to one membrane surface precedes the aggregation 
mediated through the secondary binding site (24). Inter- 
estingly, recent crystal structure determination of full- 
length annexin Al suggests that the NH 2 -terminal domain 
of this annexin only becomes fully accessible when the 
protein core is linked to a membrane surface via its 
Ca 2 ~7phospholipid binding sites (255). This could indicate 
that the second (NH 2 -terminal) membrane binding site in 
annexin Al is dormant in the cytosolic protein and only 
becomes activated when the protein associates with 
membranes. A third alternative of aggregation activity is 
probably realized in annexin A6, the only member of the 
family identified so far with eight instead of four annexin 
repeats. Here a duplication of the core domain has gen- 
erated a second Ca 2+ -dependent phospholipid-binding 
module, thus allowing for two spatially separated mem- 
brane interactions (6). Yet another route is taken by an- 
nexin A2 and possibly also other annexins capable of 
interacting with dimeric protein ligands of the S100 family 
(see below). The NH 2 -terminal domain of annexin A2 
harbors a highly specific binding site for the small dimeric 
S100 protein S100A10, with protein-protein interaction 
leading to the formation of a heterotetrameric complex. 
In this complex, two annexin A2 molecules are nonco- 
valently linked via a S100A10 dimer bound to their Non- 
terminal domains, thereby generating an entity capable 
of binding simultaneously to two membrane surfaces 
through the two annexin A2 cores (175). Thus it appears 
that although several annexins mediate membrane-mem- 
brane contacts, the way this is achieved differs from 
member to member. This could explain the different Ca 2+ 
concentrations required by different annexins for half- 
maximal vesicle aggregation (for review, see Ref. 244) and 
also the differing dimensions of annexin-dependent junc- 
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tions observed in high-resolution cryoelectron micros- 
copy of lipid vesicles aggregated by different annexins in 
the presence of Ca 2+ (167). 

2. Ca 2 * -independent lipid binding 

Although Ca 2+ -dependent phospholipid binding re- 
mains the criterion of choice for defining an annexin 
protein biochemically, additional "atypical" lipid binding 
properties have begun to emerge in recent years. These 
properties again vary between the different annexins an- 
alyzed so far, but it appears that the single most important 
parameter regulating Ca 2+ -independent membrane bind- 
ing is the pH value chosen to analyze the interaction. 
Annexin A5, for example, binds to and apparently pene- 
trates the bilayer of phosphatidylserine (PS) vesicles at 
pH 4 (158), and at pH 5 was shown to induce a leakage of 
PS vesicles (124). Both activities are observed in the 
absence of Ca 2+ , whereas at neutral pH Ca 2+ binding to 
the protein appears to be a prerequisite for the lipid 
interaction (158). Most likely, this switch in properties is 
accompanied by a conformational change in the annexin 
A5 molecule, which has been shown to occur between pH 
4.6 and 4 when the acid-induced unfolding of the protein 
was analyzed (16). This change is characterized by sol- 
vent exposure of a unique tryptophan residue in annexin 
A5 (Trp-187), and thus is reminiscent of a Ca 2+ -induced 
exposure of the same tryptophan at neutral pH (192, 
293-296). Conformational changes leading to Ca 2 "'"-inde- 
pendent phospholipid binding in vitro have also been 
proposed to occur when Ca 2+ sites in annexin 2 were 
inactivated by mutagenesis (79), although such mutations 
interfere with the intracellular membrane localization of 
this and other annexins (145, 245). 

Considerable progress in analyzing Ca 2+ -indepen- 
dent annexin-membrane interactions occurring at lower 
pH has come recently through the introduction of site- 
directed spin labeling. By engineering protein mutants 
with unique cysteines and specifically derivatizing these 
cysteines with a paramagnetic nitroxide side chain, the 
groups of Haigler, Langen, and Hubbell (168, 169) were 
able to probe the structure of annexin B12 bound to 
membranes at lower pH. Combined with the use of re- 
agents that selectively and photoactivatably label amino 
acid side chains exposed to the hydrophobic domain of 
the bilayer, they could show that annexin B12 inserts into 
the bilayer of PS/phosphatidylcholine (PC)-containing 
vesicles. This insertion is likely to be accompanied by the 
formation of a continuous transmembrane a-helix. In the 
solution structure of the molecule, this part forms a helix- 
loop-helix motif, and it is tempting to speculate that the 
switch from the helix-loop-helix motif to the transmem- 
brane helix drives a reversible membrane insertion (138, 
168, 169). Based on these observations, Langen et al. (168) 
propose concerted conformational changes in all four 



annexin repeats of annexin B12, which are triggered by 
low pH and involve the formation of several elongated 
transmembrane helices from helix-loop(turn>helix struc- 
tures found in solution (Fig. 4). As a consequence, the 
entire molecule can assume a transmembrane topology as 
defined by accessibility to proteases present on either 
side of the membrane (289). The pH-dependent switch in 
conformation could be induced by the protonation of 
certain carboxylate residues found in or close to the loop 
of the helix-loop-helix motif, which upon deprotonation 
could drive the protein back to the solution conformation 
(168). Such a model could also hold true for other annex- 
ins, as all have similar solution structures, and its revers- 
ibility could perhaps explain why and how certain annex- 
ins under certain circumstances can span a lipid bilayer. 
The latter could be of particular importance in the case of 
annexins Al and A2, which also appear to have extracel- 
lular activities and for which cell surface receptors have 
been described (see below). At least in the case of annex- 
ins Al and A6, pH-driven membrane insertion has been 
identified (103, 258), although it is not clear whether this 
could lead to membrane translocation. 

In addition to the points discussed above, Ca 2+ -inde- 
pendent membrane associations have also been observed 
for several annexins at neutral pH. Examples for these 
types of Ca 2+ -independent interactions are the associa- 
tion of annexins A2 and A6 with endosomal membranes 
(120, 145, 160, 275), the binding of annexin A2 to A549 cell 
membranes (182), and the interaction of annexin A5 with 
the plasma membrane of platelets (for review, see Ref. 
322). At least in part it appears that such interactions are 
mediated through a binding of the respective annexin to a 
protein ligand that is itself associated with or embedded 
in the cellular membrane. 

C. Nonlipid Annexin Ligands 

1. Annexin complexes with EF hand-type Ca 2 + 
binding proteins 

The EF hand denotes a helix-loop-helix Ca 2+ binding 
motif that is present in a large number of proteins com- 
prising the EF hand superfamily with its distinct subfam- 
ilies (for review, see Ref. 154). Several EF hand proteins, 
in particular those of the SI 00 subfamily, form complexes 
with members of the annexin family. S100 proteins are 
small (—10 kDa) proteins characterized by two consecu- 
tive EF hands connected by a flexible linker region and 
flanked by unique NH 2 - and COOH-terminal extensions. 
Similar to calmodulin, they are thought to interact with 
and thereby regulate cellular target proteins in a Ca 2+ - 
dependent manner (for reviews, see Refs. 68, 267). Three 
S100 proteins, S100A6, S100A10, and S100A11, were 
shown to bind specifically to three different annexins, 
annexins All, A2, and Al, respectively. The best charac- 
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na 4. Peripheral membrane binding and insertion by an annexin. Two potential interaction states for a monomelic 
annexin molecule with the cytoplasmic leaflet of a hypothetical membrane are shown. The peripherally bound annexin 
on the left assumes the tertiary structure depicted in Figure 2 and has been postulated to increase membrane 
permeability by apposition of its convex upper surface with the lipid bilayer, which in turn has been suggested to lead 
to ion flow. The fully membrane integrated structure on the right is based on that proposed by Langen and co-workers 
(168, 169), after protonation at acidic pH, destabilization of the native a-helical structure, and refolding into the 
seven-transmembrane spanning configuration. Although the proposed structure is obliged to have NH 2 and COOH 
termini on opposing sides of the bilayer, the orientation shown in the figure is arbitrary. 



terized of these annexin-SlOO complexes is the annexin 
A2-S100A10 (pll) heterotetramer. Here it was clearly es- 
tablished that complex formation is highly specific, oc- 
curs in vivo, can be regulated by posttranslational modi- 
fications in the annexin, and modulates properties 
displayed by the isolated subunits (for review, see Ref. 
97). S100A10 is the only member of the S100 family that 
has suffered deletions and mutations in its two EF hand 
loops, rendering the Ca 2+ sites nonfunctional. However, it 
appears that the resulting conformation of the protein 
represents a permanently active state with respect to its 
capacity to bind the annexin A2 target (143, 246, 247). The 
S100A10 binding site on annexin A2 is restricted to the 
NH 2 -terminal 14 residues and peptides corresponding to 
this sequence bind to S100A10 with high specificity and 
affinity. Moreover, such peptides disrupt by competition 
preformed annexin A2-S100A10 complexes and therefore 



can be used as tools for studying complex function (161). 
At least in studies with synthetic peptides, an important 
feature of this binding site is the NH 2 -terminal acetylation 
of the NH 2 -terminal serine residue of annexin A2, a post- 
translational modification occurring with high efficiency 
in eukaryotic cells (15). On the other hand, annexin A2, 
expressed recombinantly in bacteria and lacking the N- 
acetyl group, is also capable of binding pll, although the 
affinity of this interaction has not been compared with 
that of the acetylated protein (151). The apparent discrep- 
ancy in these results remains to be resolved, in particular 
since only an acetylated NH 2 -terminal annexin peptide is 
capable of disrupting the annexin A2-S100A10 heterotet- 
ramer (161). 

Complex formation between annexin Al and 
S100A11 is based on very similar principles, although in 
this case Ca 2+ binding to the S100 protein is required to 
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establish the interaction-competent form of S100A11 (188, 
246, 273). Moreover, it remains to be established if and 
when this interaction occurs in vivo. In contrast to the 
heterotetrameric annexin A2-S100A10 complexes, stan- 
dard isolation protocols do not yield annexin A1-S100A11 
complexes but only the separated subunits. Likewise, a 
strong colocalization has not been reported so far, al- 
though ectopic expression studies using mutant proteins 
indicate that annexin Al can target S100A11 to endosomal 
membranes in baby hamster kidney (BHK) cells (274). It 
appears likely that the strict Ca 2+ dependence of the 
annexin A1-S100A11 interaction interferes with the visu- 
alization or isolation of complexes once Ca 2+ drops be- 
low a certain threshold within the cells or during isola- 
tion. On the basis of the high structural similarity of the 
annexin A2-S100A10 and annexin A1-S100A11 complexes, 
it is likely that both are heterotetrameric entities with the 
capacity of linking membrane surfaces in a symmetric 
manner (see Fig. 3 for annexin Al). While the former 
complex is known to exist in resting cells irrespective of 
cellular Ca 2+ transients (but perhaps regulated by PKC 
phosphorylation in the NH 2 -terminal sequence of annexin 
A2; Ref. 144), the latter is probably dependent on (per- 
haps locally restricted) Ca 2+ rises and could be of impor- 
tance during Ca 2+ -regulated membrane transport events. 

The third annexin-SlOO protein interaction described 
to date is that between annexin All and S100A6 (312). 
Although the S100 binding site in annexin All is also 
located in the NH 2 -terminal domain (303, 311), the mode 
of complex formation is likely to be different. Annexin 
All contains a long NH 2 -terminal domain of almost 200 
residues rich in glycine, tyrosine, and proline residues, 
which resembles that of annexin A7 and possibly lacks a 
well-ordered three-dimensional fold (177), or contains 
segments with pro-)3-helices (190). However, sequences 
within the NH 2 -terminal domain of annexin All do not 
resemble the amphipathic helices found in annexins Al 
and A2 and thus are unlikely to fit in a homologous 
manner in a binding pocket formed by the S100 dimer. 
The physiological consequences of the annexin All- 
S100A6 interaction remain to be established, although it is 
interesting to note that only one NH 2 -terminal splice form 
of annexin All can interact with S100A6 at least in vitro 
(302). Other annexin-SlOO interactions have been de- 
scribed, e.g., that of annexin A6 with S100A1 and S100B 
(96), but the structural basis and physiological signifi- 
cance of such complexes is less well defined. The reader 
is referred to the S100 literature for further detail (e.g., 
Ref. 68). 

In contrast to S100 proteins, sorcin is a member of 
the EF hand superfamily containing four and not two of 
the helix-loop-helix motifs. It binds in a Ca 2+ -dependent 
manner to the GYP-rich NH 2 -terminal domain of annexin 
A7 (28) with the NH 2 -terminal domain of sorcin being 
required for the interaction (327). Complex formation can 



recruit sorcin to the membrane of chromaffin granules, 
which are a prime site of annexin A7 localization. More- 
over, binding of sorcin inhibits the chromaffin granule 
aggregation mediated by annexin A7 (28), thus underscor- 
ing the regulatory importance of complex formation. The 
common picture emerging from the interaction analyses 
is that it is most likely to be the annexins that are affected 
in their properties by EF hand protein binding, rather than 
the other way round. Although the structural basis of the 
interaction probably differs between the different com- 
plexes, a common feature is the importance of the NH 2 - 
terminal annexin domain for binding. Protein binding to 
this unique domain in the respective annexin can have a 
number of consequences ranging from the establishment 
of a different physical entity capable of interconnecting 
membranes (see, for example, Fig. 3) to a protein com- 
plex with altered biochemical properties. 

2. Annexin interactions with cytoskeletal proteins 

A number of annexins have been described as cy- 
toskeleton, in particular F-actin, binding proteins, and it 
has been suggested that at least some members of the 
family could participate in regulating membrane-cytoskel- 
eton dynamics. Here we do not survey the entire literature 
in this area but only focus on recent developments. For an 
overview of the earlier literature, the reader is referred to 
previous reviews (97, 244). 

Annexin Al binds to F-actin and also interacts with 
profilin, a G-actin binding protein and regulator of actin 
polymerization. Complex formation between annexin Al 
and profilin modifies the profilin effect on actin polymer- 
ization. Because of the partially overlapping intracellular 
localization of the two proteins, it is tempting to speculate 
that the annexin Al-profilin interaction participates in 
regulating the membrane-associated cytoskeleton (2). In 
addition to this interaction with a protein involved in actin 
cytoskeleton dynamics, some colocalization of annexin 
Al with tubulin and cytokeratin-8 has also been reported. 
In A549 human lung adenocarcinoma cells, striking 
patches of annexin Al immunolabeling are found at the 
plasma membrane, which are also positive for these two 
cytoskeletal proteins (313). It is not clear, however, 
whether this colocalization reflects a functional inter- 
action. 

Annexin A2 is another F-actin binding annexin that 
also has a Ca 2+ -dependent filament bundling activity. This 
bundling activity is particularly pronounced in the case of 
the heterotetrameric annexin A2-S100A10 complex (for 
review, see Refs. 97, 330). Recently, the F-actin binding 
site has been mapped to the COOH terminus of annexin 
A2, underscoring the specificity of the interaction (80). 
Annexin A2 is not associated with stress fibers or cyto- 
plasmic actin filaments but appears to play a role in the 
organization of membrane-associated actin at sites of cho- 
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lesterol-rich membrane domains. Evidence for this view is 
severalfold. In the presence of Ca 2+ , annexin A2 binds to 
and possibly promotes the lateral association of glyco- 
sphingolipid- and cholesterol-rich lipid microdomains 
(rafts) (8, 119). It has been proposed that in smooth 
muscle cells this association promotes the binding of 
annexin A6, which itself mediates the formation of a 
reversible membrane contact with the actin cytoskeleton 
(8, 9). On the other hand, annexin A2 could also carry out 
this task by itself or in cor\junction with other actin 
binding proteins, since cholesterol-sequestering agents 
specifically release annexin A2 together with the cortical 
cytoskeletal proteins a-actinin, ezrin, and actin from 
membranes of BHK and endothelial cells (120; J. Konig 
and V. Gerke, unpublished observations). Moreover, ex- 
pression in epithelial cells of a mutant annexin A2 protein 
causing the submembraneous aggregation of annexin A2 
and its ligand S100A10 results in the simultaneous aggre- 
gation of a transmembrane raft protein (CD44) and a 
redirection of actin bundles toward these clusters (216). 
Thus, due to its Ca 2+ -dependent membrane and F-actin 
binding and its intracellular location at sites of membrane 
rafts, annexin A2 could serve as an organizer of these 
membrane microdomains and their connection to the ac- 
tin cytoskeleton. 

Annexin A5 has been observed to relocate to the 
cortical membrane cytoskeleton after activation of plate- 
lets. This relocation appears to involve both binding to the 
plasma membrane and to a specific actin isoform, ^actin, 
and is paralleled by an association with the platelet mem- 
brane of cytosolic phospholipase A 2 , suggesting an inter- 
action between this phospholipase and annexin A5 (319- 
321). Annexin A6, another actin-binding annexin, has 
been implicated in mediating in a Ca 2+ -dependent manner 
membrane-cytoskeleton contacts in smooth muscle cells 
(9). Spectrin is another binding partner of annexin A6 in 
the cortical cytoskeleton. Because annexin A6 promotes a 
cysteine protease-dependent type of budding of clathrin- 
coated vesicles at the plasma membrane, it has been 
proposed that the protein participates in disconnecting 
the clathrin lattice from the spectrin membrane cytoskel- 
eton during the final stages of coated pit budding (148). 
With the exception of annexin A2 (98), it is not known 
whether other annexins share this spectrin binding prop- 
erty. In addition to the family members mentioned above, 
F-actin binding annexins have recently also been identi- 
fied in the killifish medaka (297) and in plants (131), 
although their functional roles in these organisms have 
not been addressed so far. 

3. Other ligands 

In addition to Ca 2+ , phospholipid, EF hand type pro- 
teins, and cytoskeleton-associated proteins, a number of 
other annexin ligands ranging from proteins to RNA and 



smaller molecules have been described. An account of 
such binding partners is given in previous reviews (97, 
244), and only the most recent findings are summarized 
here. Moreover, this section primarily focuses on intra- 
cellular binding partners, whereas extracellular protein 
ligands are discussed when we review extracellular activ- 
ities of annexins (see sect. ivC). 

Annexin protein ligands other than the ones summa- 
rized above include the cytosolic phospholipase Ag, which 
interacts with annexin Al (156) and the pl20 Ras GTPase 
activating protein (GAP), which through its C2 domain 
binds to annexin A6 (60). Within annexin A6, the binding 
site has been mapped to the unique linker region connect- 
ing the two four-repeat lobes of the protein (44). This 
region is not found in other annexins, thus emphasizing 
the specificity of the interaction. Recently, two protein 
kinases, Fyn (a src kinase family member) and Pyk2 (a 
member of the focal adhesion kinase family), have also 
been found in the annexin A6-pl20GAP complex, indicat- 
ing that annexins could also participate in certain signal- 
ing events (43). A link between annexin A6 and signaling 
has also been inferred from its association with activated 
PKC-a, which was described in skeletal muscle (272). 
Another binding partner for annexin A6 was identified in 
clathrin-coated vesicles isolated from adrenocortical tis- 
sue. In a subpopulation of these vesicles, which also 
contain the transferrin receptor, annexin A6 tightly asso- 
ciates with the GTPase dynamin known to participate in 
the pinching off of clathrin-coated endocytic vesicles 
(318). In the vesicle preparations, annexin A2 was shown 
to bind to a yet unidentified 200-kDa protein, suggesting 
that these two annexins could participate in defining spe- 
cific protein-lipid interaction domains during endocytosis 
(see also below). A similar function has been suggested 
for annexin A13, which interacts with the C2 domain of 
the Nedd4 ubiquitin protein ligase, thereby participating 
in the apical membrane targeting of Nedd4 in polarized 
epithelial cells (231). Annexin A13 exists in two NH 2 - 
terminal splice variants, a and b, with 13b being specifi- 
cally targeted to the apical transport vesicles also con- 
taining raft components (see below). The binding of 
annexin A13 to Nedd4 was initially identified in a yeast 
two-hybrid screen and a number of annexin-protein inter- 
actions, e.g., that of annexin A5 with the intracellular 
domain of the vascular endothelial growth factor (VEGF) 
receptor Flk-1 (334), have been reported using similar 
approaches. Interestingly, in all cases reported it has been 
the protein ligand and never the annexin that was used as 
the bait in the initial screen. 

Some annexins have also been shown to bind to 
other cellular macromolecules. Annexins A2, A4, A5, A6, 
and the Caenorhabditis elegans protein annexin B7 inter- 
act with carbohydrates, in particular glycosaminoglycans, 
and in some cases the binding sites have been mapped to 
certain regions within the respective annexin molecule 
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(83, 139, 152, 159, 265). These interactions are likely to 
come into play when annexins are present extracellularly, 
but their functional significance remains to be proven. 
Nucleic acids comprise yet another class of macromole- 
cules reported to bind to annexins in a Ca 2+ -dependent 
manner. Whereas annexin Al interacts with purine-rich 
RNA and pyrimidine-rich DNA, annexin A2 has been 
found associated with mRNA of a distinct polysomal sub- 
population (123, 326). It is not known whether and how 
annexin binding affects stability or functional state of the 
mRNAs, e.g., in terms of translation efficiency. However, 
because of the sequence specific binding (A. Vedeler, 
personal communication) and the fact that annexins Al 
and A2 are also actin binding proteins, it has been spec- 
ulated that the annexin proteins participate in the intra- 
cellular positioning of certain mRNAs via an interaction 
with both the mRNA and the actin cytoskeleton. Single 
nucleotides binding to certain annexin proteins have also 
been described in recent reports. While ATP binds to 
annexins Al (118) and A6 (for review, see Ref. 11), an- 
nexin A7 not only interacts with but also catalyzes the 
hydrolysis of GTP (34). This latter observation led to the 
suggestion that annexin A7 acts as an atypical G protein 
involved in mediating the Ca 2+ /GTP signal during exocy- 
totic membrane fusion (34). However, although GTP and 
GDP were present in immunoprecipitates of annexin A7 
from permeabilized chromaffin cells, the ratio of GTP to 
GDP was apparently not influenced by Ca 2+ , raising ques- 
tions as to how the GTPase activity might be regulated in 
vivo. Clearly, further work is required to improve our 
understanding of how annexins interact with nucleotides, 
especially as annexins lack a consensus nucleotide bind- 
ing site. In this context, the three-dimensional structures 
of annexins complexed to nucleotides will be particularly 
informative, together with the identification of proteins 
that might modulate any catalytic activity ascribed to 
annexins, such as the activator proteins, dissociation in- 
hibitors, and exchange factors that collectively regulate 
other GTPases. 



D. Modulation of Annexin Properties 
by Posttranslational Modifications 

Annexins are long known to be targets for posttrans- 
lational modifications. In fact, annexin A2 was initially 
isolated as a rrayor v-src protein kinase substrate, and the 
tyrosine kinase activity of the epidermal growth factor 
(EGF) receptor has long been known to phosphorylate 
annexin Al (see previous reviews, Refs. 51, 97, 111 and 
also Ref. 259 for an overview). More recently, additional 
phosphorylations by signal transducing kinases of these 
and other annexins have been reported with at least some 
of them affecting annexin properties. Other tyrosine ki- 
nases recognizing annexins Al and A2 as substrates are 



those associated with the platelet-derived growth factor 
(PDGF) receptor, the hepatocyte growth factor/scatter 
factor, and the insulin receptor (for review, see Ref. 259). 
In the latter case, annexin A2 only undergoes insulin- 
triggered tyrosine phosphorylation when receptor inter- 
nalization is occurring (22). To some extent, this mimics 
the tyrosine phosphorylation of annexin Al upon activa- 
tion and internalization of the EGF receptor and indicates 
that both annexins and their phosphorylation are mecha- 
nistically linked to the internalization/endocytic sorting of 
certain ligand bound receptors (see also below). Although 
these phosphorylations are known to occur in vivo, their 
physiological consequences have not been established. In 
vitro or in situ studies, however, have revealed alterations 
in the Ca 2+ /membrane binding of annexins Al and A2 
phosphorylated at Tyr-20 (by the EGF receptor kinase, 
Ref. 61) and Tyr-23 (by the src kinase, Ref. 102), respec- 
tively. Tyrosine phosphorylated annexin Al is more sus- 
ceptible to NH 2 -terminal proteolysis, thus showing altered 
phospholipid vesicle binding and aggregation activities 
(for review, see Ref. 111). Moreover, in contrast to the 
nonphosphorylated form, it requires Ca 2+ for the associ- 
ation with the membrane of multivesicular endosomes 
(92). In the case of annexin A2, tyrosine phosphorylation 
decreases its affinity for phospholipids and interferes 
with capability of the annexin A2-S100A10 complex to 
aggregate chromaffin granules at micromolar Ca 2+ con- 
centrations (132, 236). A mutual influence of Tyr-23 phos- 
phorylation and phospholipid binding is also corrobo- 
rated by the finding that phosphorylation of annexin A2 by 
pp60 src is significantly enhanced when the protein is 
bound to PS containing vesicle (17). Recently, annexins 
A7 and All were also described to be phosphorylated on 
tyrosine residues, in this case in rat vascular smooth 
muscle cells in response to PDGF. In vitro both annexins 
are also phosphorylated by the Ca 2+ -dependent tyrosine 
kinase Pyk-2, the src tyrosine kinase, and the EGF recep- 
tor kinase, but the physiological consequences of these 
phosphorylations have not yet been described (91). 

A number of serine/threonine kinases that phosphor- 
ylate annexins have also been described. Phosphorylation 
sites again reside in the unique NH 2 -terminal domains of 
the annexins, and the modifications in some cases have 
been shown to affect biochemical properties of the an- 
nexins, in particular their affinity for Ca 2+ /phospholipid 
(already reviewed in Refs. 97, 244). PKC, for example, has 
long been known to phosphorylate a number of annexins, 
with annexin A5 being a remarkable exception as it can 
serve as a PKC inhibitor (261). The strongest evidence for 
PKC phosphorylation regulating annexin activities in cells 
has accumulated in the case of annexin A2 and its involve- 
ment in Ca 2+ -regulated exocytosis in adrenal chromaffin 
cells. Here, nicotine stimulation leads to annexin A2 phos- 
phorylation by PKC with activation of PKC being a pre- 
requisite for regulated exocytosis (63, 263). A link be- 
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tween secretion and PKC phosphorylation has also been 
obtained recently in the case of annexin A7, with PKC 
phosphorylation activating the Ca 2+ -dependent mem- 
brane fusion displayed by this annexin (33). Other kinases 
acting on annexins are casein kinase I, which phosphor- 
ylates annexin A2, and a yet to be defined histidine- 
specific kinase which phosphorylates annexin Al (95, 
208). Recent evidence for a participation in intracellular 
signaling has been obtained for annexin Al, whose ex- 
pression levels have been coupled to regulation of the 
extracellular signal-regulated kinase (ERK) pathway in 
RAW macrophages (1). 

As pointed out above, annexin phosphorylation often 
results in an altered susceptibility toward proteolysis. 
Although this could be considered a mere indication of a 
conformational change, it could also reflect an important 
intracellular consequence of the posttranslational modifi- 
cation directly linked to altered properties displayed by 
the modified annexin. Cleavage generally occurs in the 
unique NH 2 -terminal annexin domain with the resulting 
NH 2 -terminally truncated molecule showing, as revealed 
in particular for annexins Al and A2, an altered sensitivity 
toward Ca 2+ /phospholipid (for review see Refs. Ill, 244) 
and a different intracellular location (245, 275). In addi- 
tion, it appears at least in the case of annexin Al that 
NH 2 -terminal cleavage by an intracellular protease can 
occur without prior phosphorylation and can thus itself 
be considered the regulatory event. This has been shown 
in human neutrophils where removal by a membrane 
localized metalloprotease of the NH 2 -terminal eight resi- 
dues of annexin Al results in a protein species with a 
decreased Ca 2+ requirement for binding to secretory ves- 
icles and the plasma membrane, an event possibly linked 
to the exocytosis of different vesicle populations (206, 
207). In annexin A2, another recently observed modifica- 
tion is a S-glutathiolation of Cys-8 in the NH 2 -terminal 
domain, which is observed after oxidative stress, e.g., in 
tumor necrosis factor (TNF)-a-treated cells (304). Modi- 
fication of this cysteine, which is located in the S100A10 
binding sequence, does not affect the interaction with 
S100A10 (143). On the other hand, a general cysteine 
modification of the annexin A2-S100A10 complex by N- 
ethylmaleimide (NEM), which most likely also affects 
Cys-8, strongly inhibits the ability of the complex to ag- 
gregate lipid vesicles (282). It is not clear whether cys- 
teine residues participate directly in the aggregation ac- 
tivity or whether their derivatization interferes with 
certain conformational changes in the molecule required 
for the activity. However, as annexin A2 has been impli- 
cated in membrane trafficking events possibly requiring 
its aggregation activity (see below), NEM, which is fre- 
quently used as an inhibitor of membrane fusion, could 
also affect annexin A2. 

Hence, a variety of posttranslational modifications on 
annexins which also include the AT-myristoylation of an- 



nexin A13a and -b (77, 336) have been described, with 
most of them affecting the Ca 2+ and/or membrane binding 
properties of the molecules and thus their most probable 
intracellular activity. Future analyses have to reveal how 
these modifications are mechanistically linked to the dif- 
ferent annexin functions. 

III. MOLECULAR EVOLUTION OF THE 
ANNEXIN FAMILY AND REGULATION 
OF ANNEXIN GENE EXPRESSION 

Ever since annexins were first reported in the litera- 
ture they have been categorized as a structurally con- 
served family of Ca 2+ binding proteins. The structural 
conservation remains a defining characteristic, but the 
discovery of human annexins A9 and A10 (201, 204) pro- 
vides what appear to be exceptions to the unifying ability 
of annexins to bind Ca 2+ . Nevertheless, the conservation 
of annexin primary structures extends throughout multi- 
cellular eukaryotic species, and the abundance of annexin 
sequences provides unique insights not only into the evo- 
lution of the annexin gene family, but also genetic molec- 
ular evolution in a broader sense. For readers seeking 
detailed accounts of annexin evolution, there are several 
excellent recent articles (203, 200, 204); here we focus on 
the m^jor features of annexin phylogeny and ask whether 
or not functional insight can be gained by examination of 
molecular relationships between annexins. 

A. Molecular Phylogeny of Annexins 

Annexins have been described in most eukaryotic 
organisms, with the exception of those yeasts for which 
genomic sequences are available. The absence of recog- 
nizable annexin-like sequences in Saccharomyces cerevi- 
siae had been anticipated by a number of investigators in 
the field who had used both biochemical and molecular 
genetic screens in what ultimately proved to be unfruitful 
searches for yeast annexins. Nevertheless, given the ge- 
netic diversity of yeasts, it remains possible that an an- 
cestral eukaryotic annexin will be discovered in certain 
yeast species. 

The simplest organisms known to express annexins 
are the protist Giardia lamblia and the fungus Neuro- 
spora crassa. The existence of at least three annexins in 
the protist is surprising given the simplicity of the organ- 
ism and that more sophisticated multicellular eukaryotes 
such as Hydra vulgaris and Dictyosielium discoideum 
have at most one or two annexins. A long-running ques- 
tion in annexin evolution is whether any of the annexins 
discovered in these primitive organisms represents the 
ancestor of the modern vertebrate annexins. Early studies 
describing the D. discoideum annexin as a direct ortholog 
of vertebrate annexin A7 (106) now appear to be incor- 
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rect However, the D. discoideum annexin does occupy 
an interesting niche in annexin evolution. The D. discoi- 
deum and N. crassa annexins share —40% amino acid 
sequence identity, which given their evolutionary distance 
suggests they may be orthologs. Indeed, this annexin has 
now been discovered in the oyster mushroom and potato 
fungus (R. Morgan and M. Fernandez, personal commu- 
nication), suggesting the evolutionary segregation of this 
annexin to this group of organisms. 

A second m^jor group of annexins distinct from the 
vertebrate cohort have been described in plants (64). 
Plant annexins are characterized by their lack of variable 
NH 2 -terminal domains and, at least in modern flowering 
plants, by the absence of type II Ca 2+ binding sites in 
repeats 2 and 3. Thus, from an evolutionary viewpoint, 
plant annexins have evolved in quite distinct ways to 
those in the animal phyla The position of the fungal and 
mold annexins relative to either the animal or plant king- 
doms is unclear, but sequence identity of -40% between 
D. discoideum annexin CI and human annexin All raises 
the possibility that the former is a direct ancestor of the 
latter. Analysis of the structure of the annexin All gene 
(10) revealed it to be the common ancestor of up to nine 
descendent annexins (Al, A2, A3, A4, A5, A6, A8, A9, and 
A10), indicating that at the time of the early chordate 
radiation 500-600 million years ago the first vertebrate 
genomes probably contained the genes for only three 
annexins, namely, annexins A13, A7, and All. Exon splic- 
ing patterns within the core tetrads of annexins A13, A7, 
and All support the idea that All is a descendent of A7 
and that this in turn evolved from A13. However, or- 
thologs of annexins A7, All, and A13 have not been 
formally identified in any nonvertebrate species, and any 
direct lineage between annexins in organisms such as 
D. discoideum and vertebrates remains coryectural. 

A final point of interest to emerge from studies on the 
molecular evolution of the annexins concerns the origins 
of annexin A6. This annexin is unique within the family in 
that it comprises two of the tetrad repeats found in all 
other annexins. The two tetrads are joined by a short 
linking sequence, and it was previously hypothesized that 
annexin A6 was formed by tandem duplication and fusion 
of a single tetrad (285, 286). Because the 5'-tetrad of 
annexin A6 is most closely related to annexin A5, it was 
proposed that the progenitor of this duplication event was 
the 5'-tetrad. However, the recent discovery and analysis 
of the annexin A10 gene provides an alternative and much 
more persuasive explanation for the origins of annexin A6 
(204). First, annexin A10 has greater similarity to the 
3'-tetrad of annexin A6 than the two halves of annexin A6 
have to one another, and significantly, an unusual single 
codon deletion near the start of repeat three is present in 
both annexin A10 and the 3'-tetrad of annexin A6. These 
and other phylogenetic data suggest that the two four- 
repeat annexins A5 and A10, which are located on human 



chromosome 4q26 and 4q33, respectively, may have du- 
plicated and fused to form the 5'- and 3'-lobes of annexin 
A6 early in chordate evolution. 

Collectively, these phylogenetic studies enable us to 
put the annexins into a meaningful evolutionary context, 
but they tell us little about annexin function. Because the 
invertebrate and plant annexins do not have mammalian 
orthologs, analysis of annexin function in these simpler 
organisms may yield little information about the functions 
of the vertebrate family. Despite the difficulty in extract- 
ing functional insight from phylogenetic analysis, the fact 
that the family of 12 mammalian annexins have been 
tightly conserved over several 100 million years suggests 
that these proteins do indeed have important physiologi- 
cal roles. 

B. Gene Structures 

1. Conservation of genomic structure in the annexins 

The structural organization of annexin genes is 
highly conserved, at least with regard to the positions of 
intron-exon boundaries (286). Most four-repeat annexins 
comprise 12-15 exons, the variation depending in large 
part on the length of the NH 2 -terminal domains. Thus 
annexins A7 and All have long NH 2 termini encoded by 
up to six exons, whereas annexin A5 has a short NH 2 
terminus encoded by two exons. For several annexins, 
particularly those with long NH 2 termini, alternative splic- 
ing adds to the diversity of annexin isoforms, which may 
in turn amplify functional variability within the family as 
a whole. Annexin A6, which has a duplicated tetrad core 
and therefore 8 conserved repeats, comprises 26 exons 
and is the largest annexin gene extending over —60 kb 
(285). Within the conserved repeats, the tendency is for 
intron sizes to be considerably smaller than for those 
introns that lie between the first two or three exons. In 
many mammalian annexin genes, the first two or three 
introns are frequently 10 kb or more, whereas introns 
within the tetrad core are often <1 kb. Almost all alter- 
native splicing of annexin RNA transcripts occurs within 
exons that encode the variable NH 2 termini. Given that 
annexin NH 2 termini contain binding motifs for protein 
partners and sites for posttranslational modifications, al- 
ternative splicing in these domains may contribute to the 
regulation of annexin function. Perhaps the best-charac- 
terized exception to this general rule is the alternative 
splicing of exon 21 in the seventh repeat of ANXA6. 
Exclusion of this 18-nucleotide exon gives rise to the 
characteristic appearance of annexin A6 on gel electro- 
phoresis or Western blotting as a closely spaced polypep- 
tide doublet (205). 

Cladistic analysis of the mammalian annexin gene 
family reveals that annexins fall into three m^jor groups. 
One group comprises the earliest vertebrate annexins, 
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these being A7, All, and A13. A second group includes 
annexins A4, A5, and A8, and the third group comprises 
annexins Al, A2, and A3, with annexins A9 and A10 as 
somewhat distant members. Annexin A6 is more difficult 
to categorize, because the 5'-tetrad is most closely related 
to the A4,A5,A8 group and the 3'-tetrad to the A1,A2,A3 
group. Nevertheless, the cladistic demarcation of these 
groups raises the question of whether or not they corre- 
spond to functional groupings. Despite the lack of clear 
functional data for most annexins, it is certainly possible 
to identify some cohesion within these groups. For exam- 
ple, annexins Al and A2 both bind proteins of the S100 
family, both are physiological substrates for protein 
serine/threonine and tyrosine kinases, and both are sug- 
gested to function in the endocytic pathway. In contrast, 
annexins A4 and A5 are more closely linked with regula- 
tion of ion flow (see sect. iv8), and annexin A6, which 
arguably belongs in both groups, has been proposed to 
have roles that impinge on both the endocytic pathway 
and regulation of Ca 2+ signaling. Although such notions 
are purely speculative, the possibility that annexin clades 
may represent functional groupings might be relevant to 
the issue of functional redundancy and therefore the de- 
sign of gene knock-out experiments. 

2. Structural and regulatory features 

The completion of the human genome sequencing 
project, together with increasingly sophisticated algo- 
rithms for detecting and analyzing DNA sequences, has 
led to the identification of unusual and interesting ele- 
ments within certain annexin genes. The most detailed 
analyses have been conducted for the annexin A5 and Al 1 
genes (10, 137, 251). The rat and mouse annexin A5 genes 
are unusual in having two promoters. In both species, the 
promoter proximal to the gene has a high GC content and 
lacks a TATA box; this is also true for the human and 
chick annexin A5 genes (48, 76, 227), and all have an 
abundance of binding sites for the ubiquitous SP1 tran- 
scription factor. In contrast, the distal promoter in the rat 
and mouse annexin A5 genes has a TATA box and con- 
served binding sites for transcription factors such as API, 
the glucocorticoid receptor, and MyoD. The significance 
of these observations is not clear, but the possibility 
exists that under certain conditions, perhaps during cell 
differentiation, proliferation, or transformation, transcrip- 
tion from the distal promoter results in an annexin A5 
transcript that omits exon 2 in which the start methionine 
is located. Such a transcript would initiate translation 
within the first conserved repeat, and the protein thus 
generated would be predicted to lack the NH 2 terminus 
and have a molecular mass —3 kDa smaller than the 
full-length protein. Although there are no reports of the 
natural occurrence of such an annexin A5 splice variant, 
in vitro studies of recombinant annexin A5 showed that a 



mutant lacking the NH 2 terminus was unable to mediate a 
Ca 2 + influx into phospholipid vesicles (20). Further inves- 
tigation of these annexin A5 splice fonns supported by a 
clearer understanding of annexin A5 function could re- 
veal the significance of the two promoters for this gene. 

The mouse annexin A5 gene also contains an endog- 
enous retrovirus (251) located in intron 4. The MuERV-L 
sequence is believed to exist in only 100-200 copies in the 
mouse genome, although there is no evidence that its 
presence has any impact on the regulation of annexin A5 
expression. The same gene also contains a region of 
Z-DNA (alternating purine-pyrimidine tract) in intron 6, 
and other Z-DNA sequences have been identified in the 
annexin A6 (287) and All genes (10). Given the abun- 
dance of repetitive elements in mammalian genomes, it is 
not surprising that Alu sequences, long interspersed nu- 
clear elements (LINEs), mammalian-wide interspersed re- 
peats (MIRs), and other less common elements have all 
been described in various annexin genes. For the most 
part, these appear to be no more than genomic landmarks, 
but in the case of annexin A6, a UNE-2 element named 
ALF (for annexin A6 LINE-2 fragment) was shown to 
function as a potent and highly specific T-cell silencer that 
may play a role in the downregulation of annexin A6 in T 
cells exposed to phorbol ester and calcium ionophore 
(69). This sequence was also shown to be present in other 
genes including interleukin-4 and PKC-/3, both of which 
are similarly downregulated by this combination of ago- 
nists in T cells. 

C. Regulation of Gene Expression 

Annexins are frequently described as being ubiqui- 
tous. This is true in the sense that any single cell type 
appears to express a range of annexins, or an "annexin 
fingerprint," but no single annexin is expressed in all cells, 
implying that regulation of annexin gene expression is 
tightly controlled. Insight into the mechanisms of annexin 
gene regulation can be gained by direct investigation of 
the relevant gene promoters or by indirect analysis of 
annexin expression. 

1. Annexin gene promoters 

Relatively few vertebrate annexins have been sub- 
jected to detailed promoter analysis. Two annexin Al 
genes have been investigated in pigeons, one of which is 
strongly inducible by prolactin, and both of which bind 
Y-box factors (237, 323). The promoters for these genes 
have been partially characterized, but the most detailed 
analyses have been performed on the human annexin Al 
(70, 290), A6 (70), and A7 (301) gene promoters. The 
annexin Al gene promoter contains CAAT and TATA 
boxes that were shown in deletion studies to be essential 
for minimal promoter activity. Analysis of the annexin Al 
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promoter also permitted investigation of the sensitivity to 
dexamethasone, a glucocorticoid analog. Although one 
study found the promoter to be unresponsive to treatment 
with dexamethasone (70), the other reported some level 
of induction (290). The different results may correspond 
to the use of different cell lines in each report or may 
reflect the exposure times used which in the former case 
extended to 8 h, and in the latter to 24 h. Despite these 
differences, both studies support the notion that annexin 
Al is not a glucocorticoid primary response gene. Inter- 
estingly, studies on the cytokine responsiveness of the 
annexin Al promoter showed the gene to be induced by 
interleukin-6 (290). This result is consistent with a role for 
annexin Al in the acute phase response to inflammation. 

The human annexin A6 gene promoter also contains 
CAAT and TATA boxes, although these are somewhat 
distal to the transcription start site and in this case the 
minimal promoter lies downstream of and does not in- 
clude these elements (70). The most unusual feature of 
the annexin A6 promoter is a potent T cell-specific si- 
lencer located —600 bases 5' to the transcription start site 
(69). This element was discussed in section mB2. The 
human annexin A7 gene promoter has also been serially 
dissected, and it lacks CAAT and TATA boxes but is GC 
rich and contains many SP1 binding sites (301). The phy- 
logenetically related annexin All gene promoter also 
lacks CAAT and TATA boxes, and it too is GC rich (10). 
The presence of SP1 binding sites in most, if not all, 
annexin promoters so far examined, is consistent with 
their broad patterns of expression, but the existence of 
other regulatory elements, or in the case of annexin A5 an 
alternative promoter, suggests that under certain circum- 
stances tight transcriptional control may be exerted. 

2. Annexin expression in development 
and differentiation 

The annexin literature contains many reports in 
which the expression of individual annexins is correlated 
with cell proliferation, differentiation, or transformation. 
For the most part, these studies do not reveal any great 
insight into annexin function, so in this review we focus 
on instances where annexin expression is developmen- 
tally regulated and in which the annexin exhibits a par- 
ticularly striking and suggestive association with a certain 
cell type or cellular localization. Many of the clearest 
examples of potential functional correlates are to be 
found in the simple eukaryotes. In these cases, the pres- 
ence of only a few annexins together with fewer cell types 
allows a more straightforward interpretation of the obser- 
vations. 

Hydra vulgaris expresses at least two annexins, of 
which annexin B12 (formerly annexin XII) is the best 
characterized. Annexin B12 was discovered first (270) and 
is clearly the major annexin in Hydra, being expressed at 



an estimated 100-fold excess of a second as yet unchar- 
acterized annexin. Immunofluorescence analysis of whole 
Hydra revealed the staining pattern of the two annexins 
to be segregated, with annexin B12 being largely confined 
to epithelial battery cells throughout the tentacles, with 
the second Hydra annexin being maximally located in the 
cytoplasm of nematocytes (269). The epithelial battery 
cells differentiate from gastric ectodermal epithelial stem 
cells, whereas nematocytes differentiate from interstitial 
cells. The battery epithelial cells and nematocytes are 
closely aligned in Hydra tentacles; both are motile and 
both are actively turned over. The presence of annexins in 
these cells therefore fits with current models of annexin 
function in cell matrix adhesion and cell membrane plas- 
ticity and remodeling. The nematode worm C. elegans is 
somewhat more complex in that it expresses four annex- 
ins (annexins B5 to B8), of which annexin B7 is the best 
characterized. Annexin B7 (originally nex-1) was discov- 
ered using classical protein biochemical techniques as a 
major 32-kDa polypeptide exhibiting reversible Ca 2+ -de- 
pendent binding to phospholipids (53). Immunocyto- 
chemical and electron microscopic investigation of this 
protein revealed it to be associated with a well-defined 
subset of cell types and structures including the mem- 
brane systems of the secretory glands in the pharynx and 
the uterine wall and vulva However, the most striking and 
most intense localization was to the convoluted mem- 
branes of the spermathecal valve. These membranes un- 
dergo major conformational changes as eggs pass through 
the valve, suggesting a possible role for annexin B7 in the 
regulation of membrane fluidity or membrane-membrane 
and membrane-cytoskeleton interactions. So far, only an- 
nexin B7 has been isolated and biochemically character- 
ized, although annexins B6 and B8 (nex-2 and nex-3, 
respectively) have been shown by RT-PCR to be actively 
transcribed (57). Of these, annexin B6 has an unusually 
long NH 2 terminus similar to those that characterize an- 
nexins A7 and All, indicating possible evolutionary link- 
age with the modern annexins. Although genetic studies 
have not yet been reported for these annexins, the emer- 
gence of RNA interference as a particularly effective tech- 
nique for preventing gene expression in C. elegans (81) 
opens the way for a detailed and potentially highly infor- 
mative analysis of annexin function in this organism. 

Despite the prevalence of annexins in most eukary- 
otic species, relatively little is known about developmen- 
tal regulation of annexin gene expression. A few studies 
have focused on mammalian annexin gene expression in 
the developing mouse brain (115, 116), the results of 
which revealed distinct patterns of temporal and spatial 
regulation of individual annexins. Other investigators re- 
ported developmental regulation of expression of at least 
four annexins in the loach Misgurnus fossilis (140) and 
the medaka fish Oryzias latipes (219). The latter study 
extended to whole mount RNA in situ hybridization to 
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examine the localization of four annexins during embryo- 
genesis. As with the investigation of nematode annexins, 
this work identified tightly controlled annexin expression 
associated with specific organs or cell types. The annexin 
expressed earliest in medaka embryogenesis is a likely 
ortholog of annexin All, which appears transiently in the 
prechordal mesendoderm and hindbrain. The three other 
medaka annexins, which may be orthologs of annexins 
Al, A4, and A5, all appear later in embryogenesis but in a 
range of tissues including liver, floor plate, and skin. 

These studies represent only a small part of a large 
and fragmentary literature relating to the developmental, 
cell growth, and differentiation-dependent regulation of 
annexin expression. The picture that emerges from these 
studies is that for many annexins expression patterns are 
broad, which might imply fundamental roles in cell phys- 
iology for most members of the family. For the majority of 
annexins, functions suggested on the basis of observa- 
tions made in a single cell type may therefore be incor- 
rect. However, other annexins are undoubtedly restricted 
in their patterns of expression, sometimes with regard to 
cell and tissue development and sometimes in terminally 
differentiated cells. In these cases, exemplified by an- 
nexin A13, which is clearly involved in apical vesicle 
transport in certain polarized epithelial cells, it is more 
reasonable to predict a specialized cell type-specific func- 
tion. In simpler eukaryotes with fewer annexins, of which 
several examples have been described here, there is now 
the prospect of combining genetics with developmental 
analysis to provide new information about function. Even 
if the absence of orthologous annexins in vertebrates 
presents a bar to direct extrapolation of function, the 
knowledge will impinge on the experimental design of 
genetic approaches to annexin function in species such as 
the mouse. 

IV. FUNCTIONAL DIVERSITY WITHIN THE 
ANNEXIN FAMILY 

A. Annexins in Membrane Traffic and Organization 

A priori, annexins are intracellular proteins, and their 
denominating property, i.e., binding in a Ca 2+ -regulated 
manner to negatively charged phospholipid surfaces, 
strongly argues for their functioning in cor\junction with 
such phospholipids that are enriched in the cytoplasmic 
leaflets of cellular membranes. Exceptions are, however, 
disturbed cells undergoing apoptosis which display nega- 
tively charged phospholipids on their surface. In fact, it is 
the canonical annexin property of Ca 2+ -dependent bind- 
ing to acidic phospholipids which led to the introduction 
of annexin A5 as a diagnostic tool for labeling the surface 
of apoptotic cells. It has to be emphasized here that this 
diagnostic binding, albeit very useful, does not necessar- 



ily have any implications for the in vivo function of an- 
nexin A5. 

A large number of reports have provided circumstan- 
tial and also more direct evidence for annexins function- 
ing in intracellular membrane organization. These include 
the detailed analyses of annexin distributions within dif- 
ferent types of mostly cultured cells. A survey of these 
localization studies has been presented before (97). As a 
whole it appears that different annexins show strikingly 
different subcellular distributions and often reside in both 
a cytosolic and a membrane-associated pool, with a 
switch between the two typically being regulated by Ca 2+ . 
The respective target membranes identified for different 
annexins are in most cases the plasma membrane and 
membranes of the biosynthetic or the endocytic pathway, 
and it has therefore been concluded that annexins func- 
tion in these membrane trafficking steps. 

More recently, studies on the intracellular location of 
annexins have been extended to live cells in approaches 
using GFP fusions. Such analyses revealed that annexin 
Al associates with membranes of the endosomal, trans- 
ferrin-accessible system of HeLa cells in a manner depen- 
dent on active Ca 2+ binding sites being present in the 
protein. Moreover, it was shown that removal of the 
unique NH 2 -terminal domain of the protein results in a 
change in intracellular localization with the annexin Al- 
core being targeted to late endosomal membranes. Inter- 
estingly, this also appears to be specific since protein 
cores of other annexins (annexins A2 and A4) show dif- 
ferent distributions in live HeLa cells (245). In light of the 
finding that proteolytic cleavage within the NH 2 -terminal 
domain of annexin Al is likely to occur within cells 
(possibly triggered by phosphorylation, see above), the 
distinct localizations of full-length and NH 2 -terminally 
truncated annexin Al could reflect distinct functions of 
the two species. Full-length annexin A2 localizes to the 
plasma membrane in living HeLa and HepG2 cells and 
also to membranes of the endosomal system in living BHK 
and rat basophilic leukemia cells (196, 245, 342). In the 
latter case, inspection by evanescent field microscopy of 
pinocytic vesicles formed under mildly hyperosmotic con- 
ditions revealed the presence of annexin A2-GFP in actin 
tails propelling these pinosomes. Moreover, formation of 
such pinocytic rockets is inhibited by overexpression of a 
mutant protein dominantly interfering with the annexin 
A2 localization, thus suggesting an important role of this 
annexin in organizing interfaces between certain mem- 
branes or membrane domains and the actin cytoskeleton 
(196). An annexin A7-GFP chimera was also localized 
recently to discrete intracellular structures, in this case in 
differentiated myoblasts (45). Upon subcellular fraction- 
ation, the annexin A7-containing membranes copurify 
with caveolin-3, but a role of annexin A7 in, e.g., the 
establishment or stabilization of t tubules during rnyogen- 
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esis, remains to be shown and is not as yet evident in 
annexin A7-deficient mice (see sect. ivD). 

1. Anneocins in the biosynthetic pathway 

A number of annexin proteins, including annexins 
Al, A2, A3, A6, A7, All, A13, and B7, have been linked to 
exocytotic processes, more specifically post-Jrans-Golgi 
network events in the biosynthetic pathway (for reviews, 
see Refs. 30, 51, 97, 244). The most compelling evidence 
for such an involvement which go beyond the mere local- 
ization of the protein to secretory organelle membranes 
and/or the plasma membrane has been reported for an- 
nexins A2 and A13. Annexin A2 has been identified as a 
cytosolic protein that can retard the rundown of secretory 
responsiveness to Ca 2+ stimulation of penneabilized 
chromaffin cells when added exogenously as a purified 
protein. In this assay, the annexin A2-S100A10 complex, 
which is localized in several cell types to the sites of 
plasma membrane/secretory granule membrane contact 
and/or intergranule contact (212, 276, 277) and which is 
capable of aggregating vesicles (see above), is more effi- 
cient than the monomelic annexin protein. Moreover, 
PKC phosphorylation of annexin A2 is required for the 
activity (263) (recall that PKC is activated upon nicotinic 
stimulation of chromaffin cells), and a peptide corre- 
sponding to an NH 2 -terminal annexin A2 sequence con- 
taining the PKC site inhibits catecholamine secretion in 
nicotine-stimulated chromaffin cells. Interestingly, it ap- 
pears that the function of the annexin A2-S100A10 com- 
plex in chromaffin granule exocytosis is restricted to 
adrenergic cells as the S100A10 subunit is not expressed 
in the noradrenergic cell type (38) (for review, see Ref. 5). 
By correlation, it was also inferred that the annexin A2- 
S100A10 complex participates in lung surfactant secre- 
tion from alveolar type II cells as phenothiazines inhibited 
this secretion in a manner similar to their inhibition of 
annexin A2-S100A10-mediated vesicle aggregation (181). 
Yet another Ca 2+ -triggered exocytosis event is the regu- 
lated secretion of different granule contents from endo- 
thelial cells, the most prominent being the von Willebrand 
factor stored in Weibel-Palade bodies. With the use of a 
whole cell patch-clamp approach combined with mem- 
brane capacitance recordings, it was shown that disrup- 
tion of the annexin A2-S100A10 complex by a competitor 
peptide corresponding to the S100A10 binding site on 
annexin A2 markedly inhibits the Ca 2+ -dependent exocy- 
totic membrane fusion (161). Annexin A2 and S100A10 in 
endothelial cells are located at the plasma membrane and 
not found on Weibel-Palade bodies. Hence, it has been 
proposed that the complex indirectly functions in endo- 
thelial granule exocytosis by organizing the plasma mem- 
brane in a manner supporting the granule-plasma mem- 
brane fusion event (161, 213). In line with this proposal, 
annexin A2 is found concentrated at certain subdomains 



of the plasma membrane and seems to provide a link 
between such subdomains and the actin cytoskeleton 
(see below). 

Annexin A13, a myristoylated member of the family 
occurring in two NH 2 -terminal splice variants (a and b), is 
only expressed in a limited subset of polarized epithelial 
cells. Here, the 13b variant is localized specifically to the 
TGN, post-TGN carrier vesicles, and the apical plasma 
membrane. Antibodies directed against the unique exon 
encoded sequence in the annexin A13b splice form inter- 
fere with carrier vesicle transport to the apical but not the 
basolateral membrane domain of permeabilized Madin- 
Darby canine kidney (MDCK) cells, suggesting a very 
specific role of the protein in this transport step (77). 
Annexin A13b binds to sphingolipid- and cholesterol-rich 
domains (rafts) that bud off the TGN and that are destined 
for the apical plasma membrane in a transport step re- 
quiring a microtubule minus end-directed motor (214). 
The TGN budding is inhibited by annexin A13b antibodies 
and stimulated by myristoylated but not unmyristoylated 
annexin A13b (165). The other splice variant, annexin 
A13a, also stimulates apical biosynthetic transport but, in 
contrast to annexin A13b, also appears to be involved in 
the basolateral delivery in polarized cells (172). Due to 
their specific and in some cases regulated association 
with raft domains, the involvement of annexin A13 iso- 
forms in post-TGN transport to the plasma membrane 
could be based on a membrane-organizing effect and thus 
could mirror the situation discussed for annexin A2 in 
Ca 2+ -regulated exocytosis in endothelial cells. Thus the 
membrane-organizing capacity of annexins, which differs 
in extent, regulation, and target membrane between dif- 
ferent members of the family, could represent the mech- 
anistic basis of annexin effects in membrane transport 
events. 

Other biosynthetic membrane transport steps af- 
fected by annexins include Ca 2+ -dependent secretion in 
neutrophils, which in a streptolysin-0 (SLO)-permeabil- 
ized cell system is stimulated by annexins Al and A3 
(254), and Ca 2+ -induced insulin secretion in pancreatic 
/3-cells, which in SLO-permeabilized cells is inhibited by 
annexin All antibodies (135). However, in all cases, live 
cell experiments, e.g., the ii\jection of antibodies or inter- 
fering peptides/proteins or the generation of cells defi- 
cient in specific annexins combined with a subsequent 
characterization of transport steps in the modified cells, 
are required to corroborate and more specifically define 
the role of annexins in exocytosis. 

2. Annexins in the endocytic pathway 

Membranes of the endosomal system have also been 
identified as target structures for several annexins, and 
the mode of membrane binding has been studied exten- 
sively, both in terms of the specific target membrane 
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selected by the individual artnexins and in terms of the 
structural requirements for membrane binding within the 
annexin molecule. Some of the literature describing an- 
nexin-endosome interactions has been reviewed before 
(97, 108). More recently, the specificity and thus most 
likely functional importance of such interactions has re- 
ceived support by a number of observations regarding 
annexins Al, A2, and A6. Live cell experiments analyzing 
the intracellular distribution of annexin-GFP chimeras 
have underscored the importance of the unique NH 2 - 
terminal domain in positioning the individual annexin at 
certain target membranes (see above). Annexin Al, for 
example, is found on early, transferrin-accessible endo- 
somes in BHK and HeLa cells, although some protein is 
also present on multivesicular endosomes, at least in 
mouse fibroblasts (92, 245, 275). Upon removal of the 
NH 2 -terminal domain, the resulting annexin 1 core do- 
main redistributes to late endosomes with the interaction 
still being Ca 2+ dependent and specific, i.e., not observed 
with other highly homologous annexin cores (245, 275). 
This switch could also occur under certain cellular con- 



ditions, e.g., when upon internalization of the EGF recep- 
tor annexin Al becomes phosphorylated on Tyr-20 and 
thus more susceptible to NH 2 -terminal proteolysis (see 
above). The proteolysis removes at least part of the NH 2 - 
terminal domain and thus not only the sequence required 
for localizing the protein to early endosomes but also the 
binding site for the annexin Al ligand S100A11. As a 
result, a putative heterotetrameric annexin A1-S100A11 
complex capable of linking membrane surfaces would be 
disrupted. Together with the finding that the association 
of annexin 1 with multivesicular endosomes is regulated 
through phosphorylation by internalized EGF receptors, 
the proposed role of the protein in mediating the inward 
vesiculation in multivesicular endosomes (92) could be 
envisaged as depicted in Figure 5. Annexin Al in its 
Ca 2+ -regulated complex with S100A11 (which is targeted 
to early endosomes by annexin Al, Ref. 274) could orga- 
nize the limiting membrane of multivesicular endosomes 
in statu nascendi, i.e., early endosomes or budding endo- 
somal carrier vesicles in the process of becoming multive- 
sicular, in a way that supports the inward vesiculation. 
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fig. 5. Model describing a potential participation of annexin A1-S100A11 in the inward vesiculation process 
generating multivesicular endosomes. Owing to its potential membrane linking properties, the as of yet hypothetical 
heterotetramer of annexin Al (red) and S100A11 (orange) could stabilize membrane interactions required for inward 
budding. Phosphorylation of Tyr-20 of annexin Al by the internalized epidermal growth factor (EGF) receptor (92) 
renders the protein more susceptible for proteolysis occurring in the NH 2 -terminal domain. Proteolytic cleavage would 
release the S100A11 dimer (together with the NH 2 -terminal annexin Al sequence) in a process that could accompany the 
actual membrane fission and internal vesicle release. As a result, an NH 2 -terminal foreshortened annexin Al would be 
present on multivesicular/late endosomal membranes, a localization in line with that of ectopically expressed annexin 
Al core-green fluorescent protein (245). 
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Once the inward budding is about to be completed with 
the final fusion process, annexin Al becomes phosphor- 
ylated by internalized receptors destined for degradation. 
This leads to limited proteolysis and thus disruption of the 
complex between annexin 1 and S100A11 in a process 
which might be coupled to the actual fusion. This activity 
might not be essential for endosome matxiration/transport 
to occur but might facilitate the kinetics by providing a 
supporting membrane scaffold. Whether and how this 
model relates to observed stimulatory effects of annexin 
Al on cell proliferation, EGF receptor synthesis, and 
phosphorylation remains to be established (62). 

Annexin A2 was also identified on early endosomes 
(in addition to its localization at the plasma membrane 
and on certain secretory granules). Interestingly, its inter- 
action with endosomal membranes occurs in the absence 
of Ca 2+ and is primarily mediated by the NH 2 -terminal 
domain, which upon fusion to an annexin Al core can 
transfer this unique property to the otherwise Ca 2+ -sen- 
sitive annexin Al (120, 145, 160). It is not clear whether 
the NH 2 -terminal annexin A2 sequence in question inter- 
acts with a protein receptor, e.g., a 200-kDa protein iden- 
tified in ligand blotting experiments in certain clath- 
rin-coated vesicle preparations (318), or specifically 
associates with a unique lipid structure, e.g., cholesterol- 
rich membrane domains that are required for this atypical 
annexin-membrane interaction (120, 160). Annexin A2 is 
not distributed evenly over the early endosomal compart- 
ment. Immunoaffinity approaches reveal that it is en- 
riched on Rabll- (and also transferrin receptor-) but not 
Rab5-positive endosomes of Chinese hamster ovary 
(CHO) cells, whereas it is not found in transferrin recep- 
tor-positive recycling endosomes of polarized MDCK cells 
(93, 315). In BHK cells, on the other hand, endosomes 
isolated on immobilized annexin A2 antibodies are posi- 
tive for the transferrin receptor but not the early endoso- 
mal antigen EEA1. This correlates with the ultrastructural 
colocalization of annexin A2 and the transferrin receptor 
on endosomes of BHK cells (341). Thus it appeals that the 
fine tuning of annexin A2 localization within the early 
endosomal compartment is handled differently in differ- 
ent cells, possibly in conjunction with its proposed func- 
tion as a scaffolding protein organizing and/or stabilizing 
rafts (see below). 

A similar scenario could hold true for annexin A6, 
which has been localized to different endosomal mem- 
branes in different cells. In rat liver hepatocytes, it is 
found on an apical endocytic compartment, whereas it is 
present on late endosomes/prelysosomes of NRK fibro- 
blasts (218, 235). Furthermore, some annexin A6 is also 
associated with the plasma membrane and clathrin- 
coated vesicles (179, 318), where it could function in 
facilitating coated pit budding. Earlier experiments em- 
ploying immobilized plasma membranes and taking the 
loss of clathrin from such membranes as a measure for 



coated pit budding reported an inhibitory effect when the 
cytosol required in this Ca 2+ - and ATP-dependent reac- 
tion was depleted of annexin A6 (179). More recently, 
with the use of the same assay, it was shown that annexin 
A6 is only required for a certain type of coated pit bud- 
ding, one sensitive to the cysteine protease inhibitor 
ALLN. The involvement of annexin A6 depended on its 
association with spectrin indicative of a function of the 
protein in remodeling the spectrin lattice as a prerequisite 
for efficient budding (148). Moreover, the same study 
revealed that microii\jection of a truncated annexin A6 
mutant inhibited low-density lipoprotein (LDL) uptake, 
thus paralleling the inhibitory effect of the mutant on 
coated pit budding in the in vitro assay. Other coated pit 
budding events (those not affected by ALLN) do not re- 
quire annexin A6, thus providing a possible explanation 
for the finding that receptor-mediated endocytosis in an- 
nexin A6-negative A 431 cells is not stimulated by ectopic 
overexpression of the protein (288). On the other hand, 
ectopic overexpression of annexin A6 in CHO cells has a 
stimulatory effect on LDL receptor endocytosis, however, 
only when the receptor itself is overexpressed as well. In 
these experiments, annexin A6 remained associated with 
LDLrContaining vesicles also at later stages of the endo- 
cytic pathway, possibly suggesting additional functions of 
the protein in late endocytic events (107). Such functions 
are likely to include trafficking events leading to LDL 
degradation, since microii\jection of a mutated annexin 
A6 into NRK cells causes a retention of LDL in the prely- 
sosomal compartment (234). 

3. Annexins and phagocytosis 

A translocation of different annexins to the mem- 
brane of maturing phagosomes has been observed in a 
number of phagocytic cells and has been taken as an 
indication for the involvement of the proteins in phago- 
cytosis (previously reviewed in Ref. 97). Such observa- 
tions have been extended in the recent past showing, for 
example, that annexins A1-A5 are present on isolated 
phagosomes from J774 macrophages, with the levels of 
annexin A4 (but not those of the other annexins) increas- 
ing with age of the maturing phagosomes (66). In another 
study using macrophage-like cells and analyzing Fc recep- 
tor-mediated phagocytosis, annexins A7 and All in addi- 
tion to the members mentioned above were found to 
translocate to the phagosomes upon particle ingestion 
(230). In differentiated human monocytes, phagocytic up- 
take of Brucella bacteria (opsonized or nonopsonized) is 
accompanied by a recruitment of annexin Al-positive 
structures to the site of entry (164), whereas neutrophils 
phagocytosing yeast cells show a translocation of annexin 
All to the periphagosomal region (284). When the same 
cells take up an attenuated strain of Mycobacterium tu- 
berculosis, the intracellular distribution of annexins Al 
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and A5 remains unchanged while annexins A3, A4, and A6 
are translocated from the cytoplasm to the proximity of 
the bacteria containing phagosomes. In the case of an- 
nexin A4, this even occurs in Ca 2+ -depleted neutrophils 
(189). Similar observations have also been made in human 
dendritic cells phagocytosing M. tuberculosis (170). Al- 
though these reports point to a role of the respective 
annexins in phagosome maturation, e.g., by facilitating 
certain transport or phagosome-endosome fusion steps, 
they so far only represent circumstantial evidence. We are 
still in need of functional approaches, e.g., analysis of 
phagocytosis in cells with an altered annexin expression 
or in the presence of dominantly interfering compounds, 
to make a conclusive connection between annexins and 
phagocytosis. 

4. Anneccins and the establishment/stabilization 
of membrane domains 

Recent years have seen a formulation of the concept 
of membrane microdomains (rafts) being involved in as- 
pects of membrane transport and also representing plat- 
forms for signaling events (for review, see Refs. 27, 281). 
Rafts are lateral assemblies of membrane patches rich in 
sphingolipids and cholesterol, which due to their high 
content of saturated hydrocarbon chains form a liquid- 
ordered phase in the more disordered background of 
glycerolipids containing unsaturated fatty acid chains. 
Biochemically, rafts (or detergent-resistant membrane 
complexes, DRMs) are defined by their resistance toward 
treatment with nonionic detergent in the cold and their 
ability to float to low density in sucrose density gradients. 
A number of membrane proteins have been described as 
raft associated. Typically, these proteins contain a certain 
fatty acid, isoprene or lipid moiety (e.g., glycosylphos- 
phatidylinositol or GPI) which helps anchor them in the 
membrane raft. Most of the typical lipid and also protein 
components of rafts described to date are those found in 
the exoplasmic leaflet of the bilayer. The inner leaflet of 
these microdomains is less well characterized, although it 
appears to contain glycerophospholipids with a higher 
degree of saturation than the total plasma membrane (88) 
and also is likely to be enriched in cholesterol (281). 
Moreover, information on proteins associating specifi- 
cally with the cytoplasmic side of rafts and thereby pos- 
sibly regulating their assembly and dynamics is rather 
scarce. It is here where annexins could come into play as 
several members of the family have been identified in raft 
preparations and seem to associate with rafts in a manner 
which is in some cases but not strictly regulated by Ca 2+ . 
Recent evidence in support of this view is summarized 
below for different annexins. 

Rafts and membrane microdomains are not re- 
stricted to the plasma membrane but are also found in 
membranes of the biosynthetic (Golgi) and the endoso- 



mal system (209, 279, 280). Annexin Al, a substrate of the 
EGF receptor kinase implicated in endosomal sorting of 
the receptor (see above), is also a substrate of PKC and 
localizes with the active enzyme to the endosomal com- 
partment. After PKC activation initiated by exposure of 
cells to phorbol esters, downregulation of the enzyme 
appears to occur via translocation from the plasma mem- 
brane to endosomes, a process which is inhibited by 
caveolin binding drugs. Because PKC translocation and 
thus its colocalization with annexin Al does not depend 
on the endosomal GTPase Rab5, it has been proposed that 
the transport is mediated through caveolae, cell surface 
invaginations containing a subset of lipid rafts which are 
formed by polymerization of the cholesterol-binding 
caveolin proteins (238; for review on caveolae, see Refs. 3, 
136). Thus it appears that annexin Al could also be in- 
volved in the downregulation of membrane-bound PKC 
through caveolae-mediated traffic to endosomes. Al- 
though evidence in support of this hypothesis is vague 
and circumstantial, several lines of research have strongly 
and more directly implicated annexin A2 in the organiza- 
tion and dynamics of membrane rafts. In several types of 
cells, annexin A2 associates with membrane rafts (bio- 
chemically defined as described above) in both a Ca 2+ - 
dependent and a Ca 2+ -independent manner. These in- 
clude adrenal chromaffin cells where, after nicotine 
stimulation and in the presence of 1 ^M Ca 2+ , the protein 
translocates to Triton X-100 (TX-lOO)-insoluble mem- 
brane subdomains (262) as well as MDCK, polarized mam- 
mary epithelial, and smooth muscle cells where raft asso- 
ciation is also Ca 2+ dependent (8, 119, 216). On the other 
hand, BHK as well as bovine endothelial cells contain 
annexin A2, whose association with rafts is not sensitive 
to Ca 2+ chelation but correlates with the amount of mem- 
brane cholesterol (50, 120). Interestingly, annexin A2 as- 
sociated Ca 2+ independently with BHK or endothelial cell 
membranes can be specifically released together with a 
subset of cortical cytoskeletal elements (actin, a-actinin, 
ezrin, and moesin) by sequestration of membrane choles- 
terol, suggesting a link between raft-associated annexin 
A2 and the membrane underlying actin cytoskeleton (120; 
Konig and Gerke, unpublished observations). 

A role of annexin A2 as an organizer of membrane 
domains has gained further support in the case of the 
Ca 2+ -dependently raft-associated protein. In the sarco- 
lemrna of smooth muscle cells, the dynamics of rafts, their 
lateral assembly, and association with the actin cytoskel- 
eton appear to be regulated by changes in intracellular 
Ca 2 * concentrations occurring during smooth muscle 
contraction. These changes correlate with the Ca 2+ -de- 
pendent association of annexin A2 with membrane rafts 
and the translocation of annexin A6 to a membrane-cy- 
toskeleton complex. Hence, it was proposed that an initial 
Ca 2+ rise in smooth muscle cells triggers the binding of 
annexin A2 to lipid rafts and a clustering of these rafts 
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which is promoted by lateral annexin assembly. As a 
consequence, the spatial organization of, e.g., membrane 
receptors, is altered leading to a second Ca 2+ transient 
further elevating intracellular Ca 2+ . This is proposed to 
trigger a translocation of annexin A6 to the sarcolemma 
where it could be involved in the formation of bonds 
between the plasma membrane and the actin cytoskele- 
ton (8). Annexin A2 is a F-actin binding protein itself (98) 
and thus could also participate more directly in the for- 
mation of membrane-cytoskeleton links. In a recent study 
it was shown to colocalize in basolateral lipid rafts of 
mammary epithelial cells with the hyaluronic acid recep- 
tor CD44. Antibody-induced clustering of CD44 leads to a 
similar clustering of annexin A2. Even more interestingly, 
clustering of annexin A2 at the cytoplasmic side of the 
membrane, which was achieved through ectopic expres- 
sion of a £rans-dominant annexin A2 mutant protein, led 
to the enrichment of CD44 in the annexin A2-positive 
patches. Moreover, a reorientation of F-actin toward the 
annexin A2 clusters was observed (216). A rearrangement 
of cortical actin can also be induced by certain pathogens, 
e.g., enteropathogenic Escherichia coli (EPEC), which 
induce the formation of actin-rich pedestals underneath 
their site of host cell attachment. Interestingly, bacterial 
attachment triggers a clustering of membrane raft com- 
ponents and a recruitment of annexin A2 to the attach- 
ment sites, suggesting that annexin A2 could participate 
in this process by stabilizing raft patches and their linkage 
to the actin cytoskeleton beneath adhering EPEC (343). 

Collectively, these findings indicate that annexin A2 
could represent a cytoplasmic protein peripherally asso- 
ciating with the cytoplasmic leaflet of membrane rafts, 
thereby stabilizing these domains and providing a link 
with the cortical actin cytoskeleton. Such a function 
would depend crucially on the membrane association of 
annexin A2 and therefore could be regulated in two ways, 
by membrane cholesterol content and local Ca 2+ concen- 
tration, as indeed shown recently for annexin A2 associ- 
ated with endosomal membranes (279, 341) or artificial 
liposomes containing cholesterol (7). This dual regulation 
mode reflects itself in the structure of the molecule as the 
NH 2 -terminal domain mediates a Ca 2+ -independent inter- 
action with cholesterol-rich membrane domains (160) and 
the COOH-terminal protein core harbors the Ca 2+ -regu- 
lated binding site. As depicted in Figure 6, this could mean 
that some annexin A2 binds to cholesterol-containing 
membrane domains or specific receptors therein, already 
in the absence of Ca 2+ . Once Ca 2+ rises, e.g., during 
regulated exocytosis, at the sarcolemma upon smooth 
muscle cell activation or during certain types of endoso- 
mal fusion (129), additional annexin A2 molecules are 
recruited to the same sites providing a sort of membrane 
scaffold and, given they reside in complex with the 
S100A10 dimer, contact sites to other membranes or the 
cytoskeleton. In this view the annexin serves a more 



structural role in the membrane periphery affecting indi- 
rectly a number of membrane transport events, thus func- 
tioning in a manner similar to that discussed for mem- 
brane skeleton proteins, e.g., spectrin or spectrin- 
associated proteins present on intracellular membranes 
(14, 197, 340). 

As already mentioned, annexin A6 has also been 
implicated in the organization of membrane domains, in 
particular their association with the cytoskeleton in 
smooth muscle cells (8, 9). It could serve a similar func- 
tion in mammary epithelial cells as a fraction of annexin 
A6 is recovered from the TX-100-insoluble fraction from 
these cells in a manner which appears to be regulated 
during polarization of the cells (171). Moreover, annexin 
A6 associates with raft fractions from synaptic plasma 
membranes in a Ca 2+ -dependent manner (217). Whether 
and how this relates to the spectrin binding of annexin A6 
and its proposed function in clathrin-coated pit budding 
remains to be shown. The sole annexin whose association 
with lipid rafts was shown to be functionally important 
for membrane trafficking events is annexin A13b (see also 
above). Together with its NH 2 -terminal splice variant, 
annexin A13a, it is the only member of the family that can 
be NH 2 -terminally myristoylated (77, 336). Annexin A13b 
is located in the apical compartment of polarized MDCK 
cells and found on the £rcms-Golgi network, at the apical 
cell surface and on exocytic apical carrier vesicles whose 
formation is inhibited by anti-annexin A13b antibody 
(165). As judged by several criteria including flotation in 
Optiprep gradients of TX-100-insoluble fractions obtained 
from apical carrier vesicles, annexin A13b clearly is a 
raft-associated protein, and it was proposed to function 
by binding to apical rafts that bud off the £rans-Golgi 
network (165). Recently, it was also shown that annexin 
A13b participates in mediating the apical membrane tar- 
geting of the ubiquitin ligase Nedd4. The enzyme contains 
a C2 domain and associates with lipid rafts in a Ca 2+ - 
dependent manner, most likely through an interaction of 
this Ca 2+ -sensitive C2 domain with the raft-associating 
annexin A13b (231). Annexin A13a differs from the 13b 
variant by a deletion of 41 amino acid residues from the 
unique NH 2 -terminal domain and a somewhat broader 
intracellular distribution as it is also found at the basolat- 
eral membrane. Interestingly, its association with lipid 
rafts differs between the apical and the basolateral com- 
partment of polarized epithelial cells with only the latter 
requiring Ca 2+ . Moreover, and in contrast to annexin 
A13b, the 13a variant appears to be involved in the baso- 
lateral transport route (172). Thus different annexins 
seem to participate to differing extents in the organization 
of membrane domains (e.g., lipid rafts) with their associ- 
ation with these domains and thus their role in the pro- 
cess being regulated by changes in cytosol conditions 
(Ca 2+ , pH?) and membrane lipid content (cholesterol, 
acidic phospholipids). 
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nc. 6. Ca 2+ -independent and Ca 2+ -dependent interactions of annexin A2 with endosomal membranes. In the 
absence of Ca 2+ , annexin A2 (blue) binds to endosomes in a manner requiring membrane cholesterol and a unique 
sequence in the NH 2 -terminal domain of the protein. The amount of endosome-associated annexin A2 increases 
significantly in the presence of Ca 2+ , with the membrane binding now being driven by the canonical and Ca 2+ -dependent 
membrane interaction. A high-density packing of annexin A2 molecules could be envisaged, which is in line with 
cryoelectron microscopy studies of annexin A2 bound to artificial bilayers (167). Such annexin A2 assemblies could 
stabilize certain membrane domains/organizations, and after SlOOAlO-dependent formation of the annexin A2-S100A10 
heterotetramer, these domains could be linked to a second membrane or cytoskeleton surface. 



B. Annexins and Ion Channels 

In section uB we discussed the Ca 2+ -dependent and 
Ca 2+ -independent interactions between annexins and 
phospholipid membranes. In the former case, such inter- 
actions depend largely on the conserved annexin core and 
the Ca 2+ -binding sites therein, and in both cases a degree 
of reversibility is a characteristic of membrane binding for 
most members of the annexin family. A msyor challenge in 
the annexin field has been to understand what annexins 
do once membrane bound. For some annexins there is 
increasingly persuasive evidence for roles in vesicle traf- 
ficking and/or membrane organization, but for most an- 
nexins, the functional significance of reversible mem- 
brane binding remains elusive. However, one intriguing 
possibility to have emerged in the last decade is that 
membrane-associated annexins might function either as 
ion channels and/or ion channel regulators. If correct, 
such activities would point to annexins as both effectors 



and regulators of ion fluxes and place these proteins as 
key mediators in the control of cellular Ca 2 + homeostasis. 

1. Regulation of ion channel activity by annexins 

The first study to implicate any annexin in the regu- 
lation of ion flow demonstrated that purified annexin A6 
increased the mean open time and opening frequency of 
the sarcoplasmic reticulum ryanodine-sensitive Ca 2+ 
channel (67). This modulatory activity appeared to be 
specific because there was no effect of annexin A6 on 
sarcoplasmic K + or CP currents. These findings sug- 
gested that annexin A6 might have a role in the regulation 
of intracellular Ca 2+ signaling in cardiomyocytes and 
skeletal muscle cells, cell types in which annexin A6 is 
known to be expressed at high levels. However, annexin 
A6 only exhibited this property when added to the luminal 
side of the membrane, and annexin A6 is generally con- 
sidered to be a cytosolic protein. The problem of under- 
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standing the effect of annexin A6 in this system was 
further compounded by the subsequent observation that 
purified annexin A6 exhibits Ca 2+ channel activity in ar- 
tificial phospholipid membranes (19). This raises the pos- 
sibility that changes in the Ca 2+ permeability observed in 
sarcoplasmic reticulum membranes attributed to the ry- 
anodine receptor may have been partly or wholly due to 
annexin A6 itself. Another study, this time demonstrating 
a cytosolic effect of annexin A6, showed that the intro- 
duction of a neutralizing antibody to annexin A6 led to an 
increase in K + currents in dorsal root ganglia (DRG) and 
spinal cord neurons, and to an increase in Ca 2+ currents 
in DRG (211). A model in which displacement of annexin 
A6 from intracellular membranes leads to amplification of 
the Ca 2+ signal is consistent with work showing that 
elevation of cytosolic Ca 2+ induced by hydroperoxide is 
associated with translocation of annexin A6 from the 
cytoplasmic face of the plasma membrane (130). Another 
study, again supporting a role for annexin A6 in the reg- 
ulation of Ca 2+ influx, showed that ectopic expression of 
annexin A6 in epithelial A431 cells leads to attenuation of 
Ca 2+ influx stimulated by EGF (84). A 431 cells normally 
lack annexin A6 and exhibit a sustained elevation of 
intracellular Ca 2+ after exposure to EGF. This work 
showed that whereas Ca 2+ release from intracellular 
stores was unaffected by annexin A6, membrane hyper- 
polarization and consequent Ca 2+ influx was inhibited. 
Interestingly, this inhibitory activity was only observed 
for the larger of the two splice forms of annexin A6, an 
effect that also directly correlated with splice variant- 
specific growth suppression in these cells. 

Annexins A2 and A4 have also been demonstrated to 
modulate the activity of ion channels, although in both 
cases the effects were observed on CP rather than Ca 2+ 
channels. Annexin A4 is located at the apical cell plasma 
membrane in polarized colonic T84 cells, and in electro- 
physiological experiments it was found that introduction 
of purified recombinant annexin A4 into T84 cells through 
the patch electrode led to inhibition of the Ca 2+ -induced 
CP current (146). Consistent with this, an antibody to 
annexin A4 and also an antisense oligonucleotide to an- 
nexin A4 mRNA, both reduced the threshold for CP 
current activation. Activation of the Ca 2+ -dependent CP 
conductance occurs in response to mobilization of Ca 2+ 
from intracellular stores or, in patched cell experiments, 
by introduction of calmodulin-dependent protein kinase II 
(CaMKII). Inhibition of CaMKII using a specific peptide 
blocked the activation of the Ca 2+ -dependent CP channel 
observed with the antibody to annexin A4 (37). Annexin 
A4 is not believed to activate or inhibit CaMKII, nor to 
act as a substrate for the kinase, suggesting that it may 
inhibit the CP channel through a direct protein-protein 
interaction. Regulation of the CP channel by annexin 
A4 might also involve inositol 3,4,5,6-tetrakisphosphate 
[Ins(3,4,5,6)P 4 ]. In electrophysiological experiments in 



T84 cells, the potency of Ins(3,4,5,6)P 4 as an inhibitor of 
the Ca 2+ -dependent CP channel was doubled in the pres- 
ence of annexin A4, when annexin A4 was added at a 
concentration at which it has no inhibitory effect when 
used alone (339). These observations suggest a function 
for annexin A4 as part of a complex signaling pathway 
involving both protein kinases and intracellular Ca 2+ . The 
involvement of annexin A2 in CP channel regulation is 
less well characterized but no less intriguing. A single 
study reported that introduction of a synthetic peptide 
corresponding to the NH 2 -terminal domain of annexin A2 
into endothelial ceils via a patch electrode led to rundown 
of the osmotic-regulated CP channel (213). In a control 
experiment, a similar peptide with a single amino acid 
substitution that eliminated S100A10 binding was shown 
to be without effect These results imply that correct 
assembly of the annexin A2/S100A10 heterotetramer is 
required for the integrity of this current. The reason for 
this is unclear, but in many cells the annexin A2/S100A10 
complex is stably associated with the submembraneous 
actin cytoskeleton, which in turn may have a functional 
interface with volume-sensitive CP channels (VSCC). In- 
deed, specialized membrane-cytoskeleton compartments 
rich in cholesterol, caveolin, and ERM (ezrin, radixin, 
moesin) proteins are implicated in VSCC function and 
also contain annexin A2 (316). Furthermore, chicken 
DT40 cells containing a targeted disruption of the annexin 
A2 gene exhibit a more hyperpolarized resting membrane 
potential, consistent with dysregulation of chloride ho- 
meostasis (163). Collectively, these studies suggest that 
whereas annexin A4 may be involved in a direct molecular 
interplay with the Ca 2+ -dependent CP channel, the effect 
of annexin A2 on VSCCs might be an indirect conse- 
quence of a possible role in the regulation of membrane 
cytoskeleton interactions. 

2. Anneocin-dependent ion fluxes 

The problem of defining specific functions for indi- 
vidual annexins is a recurring theme in annexin research. 
When annexin Al (lipocortin) was first described as an 
inhibitor of phospholipase A 2 (PLA 2 ), this was widely 
accepted as an explanation for the apparent anti-inflam- 
matory activity of annexin Al. However, as the family 
expanded, it rapidly became clear that all annexins can 
inhibit PLA 2 by Ca 2 """-dependent sequestration of the 
phospholipid substrate (59). Although the inhibition of 
PLA 2 is therefore now believed to be nonspecific and 
probably nonphysiological, the anti-inflammatory activity 
of annexin Al is nevertheless specific to this protein, and 
recently a more convincing mechanism has emerged to 
explain its activity (see sect. ivC7). A similar history sur- 
rounds the idea that annexins might function as ion chan- 
nels. The first annexin to be shown to have Ca 2+ channel 
activity was annexin A7 (233, 252), but this was soon 
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extended to annexin A5 (253), and in corgunction with 
X-ray crystallographic studies, most annexins have now 
been demonstrated to have Ca 2+ channel activity (19, 29, 
134, 232). Just as PLA2 inhibition by annexins was shown 
to be the consequence of a shared biochemical property, 
so it appears that the Ca 2+ channel activity of annexins 
may be due to a common structural feature, namely, the 
central hydrophilic pore in the annexin core (see sect. 
nAl). However, in contrast to the anti-inflammatory activ- 
ity of annexin Al, no annexin has ever been shown to 
exhibit Ca 2+ channel activity in a living cell. Moreover, 
the general view of annexins as peripheral membrane 
binding proteins presents a conceptual obstacle to the 
idea that these proteins could function as ion channels. 
Despite this, the selectivity of the annexin ion channel for 
Ca 2+ , together with pharmacological and electrophysio- 
logical properties that correspond to those of as yet un- 
characterized Ca 2+ channels in nonexcitable cells, en- 
sures continuing interest in this subject. 

To understand how annexins might function as Ca 2+ 
channels, it is necessaiy to examine the way in which 
annexins interact with phospholipid membranes. In ex- 
periments using artificial lipid bilayers, the interaction 
between annexins and membranes depends on four key 
variables; these are the phospholipid composition of the 
bilayer, the concentration of the annexin, the concentra- 
tion of Ca 2+ , and the transmembrane voltage (125). For 
ion channel activity to occur, the annexin must first bind 
to the membrane, and then some poorly understood gat- 
ing process must follow that leads to Ca 2+ flux. Because 
the first step depends on the availability of free Ca 2+ , the 
observation that as Ca 2+ concentration increases the 
Ca 2+ channel activity decreases may appear counterintui- 
tive. However, a Ca 2+ binding site in the proposed chan- 
nel makes the current-voltage curve for annexin A5 non- 
linear (253), and it is established that annexin A5 becomes 
more tightly membrane bound at elevated Ca 2+ levels and 
that this has the effect of stabilizing the membrane (104, 
210). For Ca 2+ channel activity to occur, membrane de- 
stabilization is required. In addition, several annexins dis- 
play anticooperativity of binding, such that as the protein 
concentration increases, so membrane binding decreases 
(125). Annexins also bind to membranes with higher af- 
finity at increasingly negative resting membrane poten- 
tials, although in the absence of Ca 2+ the membrane 
potential negativity required for annexin binding extends 
well out of the accepted physiological range. However, 
the requirement for a negative potential difference is re- 
duced as the free Ca 2+ concentration increases. In apply- 
ing a reductionist approach to the analysis of annexin ion 
channel activity and membrane binding, one should keep 
in mind that some of these variables may have little 
influence in vivo, whereas other factors (such as other 
divalent cations, posttranslational modifications, and co- 
factors) could well come into play. Also, when one con- 



siders the issue of annexin-specific channel activity, it is 
important to note that with regard to these four variables 
annexins behave quite differently. For example, whereas 
high free Ca 2+ concentration leads to tight binding of 
annexin A5 to membranes, this is not the case for either 
annexins A6 or A7. Thus, under conditions of high free 
Ca 2+ , annexins A6 and A7 display more Ca 2+ channel 
activity than annexin A5 (125). 

Recent studies have added a fifth key variable, 
namely, pH, to the parameters that govern the interac- 
tions between annexins and phospholipid membranes 
(see sect. nS). Several investigators have reported that 
mildly acidic pH favors the Ca 2+ -independent binding of 
annexins to phospholipid membranes (158, 168), and spin 
labeling experiments using derivatized recombinant Hy- 
dra annexin B12 showed that protonation led to gross 
changes in the structure of the protein, proposed to cor- 
respond to the assembly of transmembrane a-helices 
which form a new membrane-spanning molecule with a 
central hydrophilic pore (168) (Fig. 4). Subsequent exper- 
iments showed that at pH 5.0 and below, annexins A5 and 
B12 both label with a photoactivatable agent that parti- 
tions into the hydrophobic domain of a lipid bilayer and 
that both proteins form ion channels at low pH but not at 
neutral pH (138). Further studies supporting the idea that 
annexin B12 forms a transmembrane structure showed 
that when added to the opposite side of the bilayer to the 
purified annexin, pronase caused an increase to prean- 
nexin values in the conductance of the probe nonactin 
(289). The conclusion of these carefully controlled studies 
is that the pronase effect can only be explained if annexin 
B12 forms a structure that spans the lipid bilayer. The key 
points to emerge from these studies is that the pH-depen- 
dent insertion of annexins into lipid bilayers is reversible 
and that it is inhibited by free Ca 2+ . The reversibility is 
significant because it suggests that a dynamic equilibrium 
may exist between the soluble cytosolic annexin, the 
peripherally membrane-bound form, and the membrane- 
inserted form. At neutral pH it can be argued that the 
equilibrium is heavily biased away from the membrane- 
inserted form, which is consistent with reports that chan- 
nel activity for annexins, despite being widely reported at 
neutral pH, is actually exceedingly rare (125, 138). Despite 
the topographical appeal of this model, there is resistance 
to the idea that the tightly folded a-helical annexin core 
could unfold and insert into membranes. Nevertheless, 
molecular rearrangements of this sort are not unprece- 
dented because members of the Bel family of pro- and 
antiapoptotic proteins undergo similar pH-dependent in- 
sertion into acidic phospholipid bilayers (198, 268, 271). A 
second problem concerns the requirement for a pH <6.0 
to induce annexin membrane insertion, given that in 
healthy living cells the intracellular pH probably never 
falls below 6.5. 

In considering these problems there is a need to 
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interpret the findings of in vitro studies in terms of how 
annexins might function as ion channels in living cells. 
Thus, if annexin A5 does function as a Ca 2+ channel, the 
expectation might be that such an activity would be fa- 
vored under conditions of intracellular acidification and 
membrane hyperpolarization. In B lymphocytes, exposure 
to physiological concentrations of peroxide leads to a 
Ca 2+ influx accompanied by membrane hyperpolarization 
and intracellular acidification from pH 7.3 to pH 7.0. Other 
Ca 2+ mobilizing agonists such as thapsigargin or antibody 
to the B cell receptor do not change membrane polarity or 
cytosolic pH. Targeted disruption of the annexin A5 gene 
in B cells leads to loss of the Ca 2+ influx component of the 
peroxide response, but Ca 2+ responses to other agonists 
are unaffected in such cells (163). Significantly, this study 
also showed that in experiments using a photoactivatable 
agent to label annexin A5 in synthetic lipid bilayers, ex- 
posure of the protein to peroxide led to membrane inser- 
tion independently of any requirement for acidification. 
These results support a role for annexin A5 either as a 
Ca 2+ channel or as an essential signaling intermediate in 
a Ca 2+ influx pathway. Further cellular evidence for a 
Ca 2+ channel role for annexin A5 comes from studies on 
mineralizing chondrocytes (157). The deposition of new 
bone by chondrocytes is mediated by matrix vesicles, 
PS-rich structures with a proteinaceous core that binds 
Ca 2+ upon entry, to form calcium phosphate crystals. The 
Ca 2+ influx channels in matrix vesicles share many prop- 
erties with annexin A5 Ca 2+ channels in vitro. Thus both 
are blocked by Zn 2+ , activated by ATP, and inhibited by 
GTP, and maximal Ca 2+ influx is observed when annexin 
A5 is associated Ca 2+ -independently with the vesicles (4). 
These studies, together with those in B cells, provide 
evidence that annexin A5 may indeed function as a Ca 2+ 
channel under certain conditions. However, definitive 
proof may be difficult to obtain, and even if this is even- 
tually established, the question of whether or not annexin 
A5 functions as a peripherally bound or integral mem- 
brane protein may take longer to answer. 

C. Extracellular Annexin Activities 

Although annexins per se are intracellular proteins, 
i.e., they localize to the cytoplasm and/or intracellular 
organelles and lack signal sequences guiding them to the 
canonical secretory pathway, a number of properties have 
been attributed to extracellular annexins. Although it is 
still a mystery whether and to what extent regulated 
secretion of annexins can occur, the recent description of 
cell or extracellular matrix receptors for different annex- 
ins supports the physiological (or pathophysiological) 
meaning of such extracellular properties. The more re- 
cent findings along these lines will be summarized below. 
For a detailed and more complete account of extracellular 



annexin activities described in the past, the reader is 
referred to the review by Raynal and Pollard (244). 

1. Annexin Al and the control of inflammatory 
responses 

Annexin Al (lipocortin I) has long been suggested to 
function as a cellular mediator of anti-inflammatory glu- 
cocorticoids since its expression and secretion in several 
cell types is induced by glucocorticoids (see, for example, 
Refs. 46, 228, 308) and since exogenously administered 
protein exhibits anti-inflammatory activities in several an- 
imal models of inflammation (for reviews, see Refs. 85, 86, 
260). Although this effect has initially been attributed to 
the capability of annexin Al to inhibit PLA 2 and thus the 
production of eicosanoids, it has become clear more re- 
cently that the anti-inflammatory activity of the protein is 
most likely due to interference with granulocyte recruit- 
ment, migration, and/or activation at sites of inflammation 
(for reviews, see Refs. 105, 221, 222). 

Inflammatory processes are characterized by a local- 
ized emigration of neutrophils and other leukocytes from 
the blood into the inflamed tissue. This process crucially 
depends on strictly regulated interactions between the 
leukocytes and the endothelial lining of the vessels rang- 
ing from leukocyte rolling on the endothelium to firm 
adhesion of the blood cells and finally their transendothe- 
lial migration (for reviews, see Refs. 176, 298). The tran- 
sition from rolling to firm adhesion of neutrophils requires 
their activation by soluble or surface-bound mediators 
like chemokines and other chemoattractants that also 
provide a gradient along which neutrophils navigate to- 
ward the site of inflammation. Glucocorticoids delay this 
extravasation of leukocytes, and several lines of evidence 
have implicated annexin Al as a central mediator of this 
glucocorticoid effect. In neutrophils adhering to activated 
endothelium, annexin Al is mobilized and externalized 
through an as yet unknown mechanism resulting in a 
downregulation of neutrophil transmigration (224). Most 
likely this is due to an inhibitory effect on transmigration 
of the released annexin Al, which has been described in 
vitro and in vivo with exogenously applied protein as well 
as peptides derived from the unique NH 2 -terminal domain 
of annexin Al (for reviews, see Refs. 105, 221, 222). Such 
NH 2 -terminal peptides typically covering residues 1-25 of 
the annexin Al sequence in their NH r terminally acety- 
lated form (Ac 1-25), as well as the entire molecule, are 
also capable of restricting leukocyte migration and thus 
tissue damage in animal models of splanchic artery oc- 
clusion/reperfusion and myocardial ischemia/reperfusion 
injury (56, 58). Thus in vitro systems as well as a number 
of animal models have proven the antimigratory effect of 
annexin Al (and the unique NH 2 -terminal peptides) on 
leukocyte extravasation, and the protective influence of 
the protein/peptides in several pathophysiological situa- 
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tions has sparked interest in their pharmacological po- 
tential. 

Given these well-established effects of annexin Al on 
neutrophil extravasation, two questions arise. First, what 
is the mechanistic basis of the effect, and second, can 
endogenous annexin Al function as a modulator of leu- 
kocyte extravasation, e.g., by downregulating inflamma- 
tory responses to prevent chronic inflammation? To ex- 
plain the antimigratoiy effects, a direct action of 
extracellular annexin Al on leukocytes had long been 
postulated and indeed been proven in a number of stud- 
ies. Among other things, the NH 2 -terminal annexin Al 
peptide Ac 1-25 was shown to affect directly a number of 
neutrophil functions, and preincubation of neutrophils 
with the annexin Al peptide resulted in decreased migra- 
tion of these cells through untreated endothelial mono- 
layers (226, 331). Proteinaceous binding sites for annexin 
Al have been shown to exist on human monocytes and 
neutrophils as well as on monocytic U937 cells, with 
bound annexin Al in the latter case being colocalized and 
coimmunoprecipitated with a 4 /3 r integrins (75, 291). Com- 
pelling evidence has been obtained recently for a specific 
binding of annexin Al (and its NH 2 -terminal peptides) to 
the formyl peptide receptor (FPR) on neutrophils. FPR is 
a heptahelical, G protein-coupled receptor recognized by 
bacterial peptides of the prototype formyl-Met-Leu-Phe 
(fMLP) which are thought to provide the chemoattractant 
gradient for guiding neutrophils toward the site of bacte- 
rial infection. When employed in an in vitro transmigra- 
tion model, antagonistic fMLP peptides were shown to 
reverse the inhibitory effect of annexin Al (and its NH 2 - 
terminal peptide) on neutrophil transmigration, and ec- 
topically expressed FPR was specifically triggered by the 
annexin Al peptides (331). As the annexin Al peptides 
can also desensitize the FPR on neutrophils toward fMLP 
challenge, it appears that their inhibitory action on neu- 
trophil extravasation is based on their binding to and 
activation/desensitization of the FPR. Such a role of the 
FPR in mediating the anti-inflammatory effect of annexin 
Al has been corroborated by in vivo experiments employ- 
ing FPR knockout mice (225). FPR activation by annexin 
Al peptides can occur also in nonmyeloid cells leading, 
e.g., in human lung A549 cells, to the induction of acute 
phase protein expression, thus arguing for a more wide- 
spread role of the annexin Al-FPR interaction (U. Rescher, 
A. Danielczyk, A. Markoff, and V. Gerke, unpublished 
observations). 

Although this provides a mechanistic explanation for 
the pharmacological action of exogenously applied an- 
nexin Al (or NH 2 -terminal annexin Al peptides), it is not 
clear whether such scenarios could also hold true for 
endogenously released annexin Al. Regulated external- 
ization of annexin Al has been described for endotheli- 
um-adherent leukocytes (224, 291), but it is not clear 
whether the amounts released are sufficient to trigger the 



FPR. Moreover, with the mechanism of secretion un- 
known, it remains possible that the extracellular annexin 
Al stems at least in part from lysed cells. Thus we are in 
need of identifying in molecular terms a system promot- 
ing regulated annexin Al release. The protein does not 
follow the classical secretory pathway because its release 
is not inhibited by brefeldin A, monensin, or nocodazole 
(228). However, in neutrophils, some annexin Al colocal- 
izes with gelatinase in gelatinase storage granules, and 
this appears to be released to the cell surface upon adhe- 
sion of the neutrophils to endothelial monolayers (223). 
Nonetheless, it is not clear how the protein reaches the 
lumen of the granules and whether this relates to the 
Ca 2+ -dependent secretion of annexin All in activated 
human neutrophils, which was described recently in a 
proteomic approach (25). Whatever model is favored, for 
active secretion to occur the transport of annexin Al 
across the bilayer (that of the plasma membrane or of 
internal membranes of secretory organelles) is required, 
and it is not yet clear how that can happen. In this 
context, the pH-induced conformational change allowing 
annexin Al to insert into the bilayer (see above) might be 
hypothesized, but it remains to be shown whether such 
insertion (possibly followed by a release at the other side 
of the bilayer) can occur under physiological conditions 
met in cells. 

2. Extracellular activities of other annexins 

This section focuses on recent developments relating 
to extracellular activities of annexins A2 and A5. Extra- 
cellular annexin A2 has been described as a surface- 
bound receptor for a number of different molecules, in- 
dicating that it might act as a more general surface anchor 
and not as a specific receptor of a given ligand. Best 
studied is probably the interaction of elements of the 
plasmin/plasminogen activator system with annexin A2 
present on the surface of endothelial cells. Annexin A2 
binds both plasminogen and the tissue plasminogen acti- 
vator (tPA), with the former interaction being inhibited by 
the atherogenic lipoprotein A and the latter being blocked 
by homocysteine (for review, see Ref. 114). The tPA bind- 
ing site on annexin A2 has been mapped to the NH 2 - 
terminal domain and encompasses residues 7-12. This 
sequence contains an accessible cysteine residue at posi- 
tion 8 (142), and it is this cysteine that is derivatized by 
homocysteine leading to the reduction in tPA binding 
(112). Thus annexin A2 present on the surface of endo- 
thelial cells could play a role in fibrinolytic surveillance by 
anchoring key components of the fibrinolytic cascade. 
Increased homocysteine levels would interfere with this 
annexin A2 action, thus providing a possible explanation 
for a link between increased homocysteine levels and the 
risk of atherogenesis (113). The antithrombogenic action 
of annexin A2 could also be directly associated with the 
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hemorrhagic disorder in patients suffering from acute 
promyelocyte leukemia, as will be discussed below. 
However, we have to take into account that annexin A2 is 
probably not the only cell surface receptor for tPA on the 
endothelium (90). Moreover, in addition to binding to tPA 
and stimulating the conversion of plasminogen to plas- 
min, annexin A2 (in complex with its S100A10 ligand) can 
also inhibit the plasmin-mediated lysis of fibrin polymers 
and can inhibit plasmin activity by stimulating its auto- 
proteolytic digestion (41, 42, 82). Thus the relation be- 
tween extracellular annexin A2 and the regulation of 
thrombogenesis is likely to be complex. 

Annexin A2 present on the surface of endothelial 
cells has also been described to represent the binding site 
for jSg-glycoprotein I, a phospholipid-binding protein from 
plasma known as an autoantigen in the antiphospholipid 
antibody syndrome. This interaction indicates that the 
association of j3 2 -glycoprotein I with endothelial cells is 
not mediated directly by phospholipids but depends on 
annexin A2 (186). Other ligands for cell-surface bound 
annexin A2 are procathepsin B (on human breast carci- 
noma and glioma cells) (187) and a vitamin D analog that 
appears to use annexin A2 as a receptor on rat osteoblast- 
like cells with the interaction being inhibited by Ca 2+ (12, 
13). It is not clear whether and how this relates to the 
finding that gene expression of annexin A2 itself is up- 
regulated by 1,25-dihydroxyvitamin D 3 and that extracel- 
lular annexin A2 stimulates the proliferation of osteoclast 
precursors by activating T cells to secrete granulocyte- 
macrophage colony stimulating factor (194). However, as 
already discussed above for annexin Al, it remains to be 
shown whether, how, and to what extent annexin A2 is 
actively exported from, for example, endothelial cells and 
whether such export can be regulated under physiological 
conditions. Moreover, for annexin A2 acting as a cell 
surface receptor, it requires anchoring on or in the cell 
membrane, the mechanism for which has so far not been 
elucidated. 

Several functions have also been proposed for extra- 
cellular annexin A5. It was originally described as an 
anticoagulant protein, and this activity most likely de- 
pends on its Ca 2+ -regulated binding to anionic phospho- 
lipids, possibly those exposed on the surface of activated 
platelets or endothelial cells. This binding could interfere 
with the accessibility of such sites for coagulation factors, 
thereby preventing their local accumulation/activation 
(for review, see Ref. 244). More recently, antibody-medi- 
ated inhibition of an anticoagulant property of annexin A5 
has been proposed to occur in recurrent pregnancy losses 
observed in patients with antiphospholipid syndrome (for 
review, see Ref. 240). As discussed in detail in section v, 
annexin A5 binds to the apical surface of placental syn- 
cytiotrophoblasts and by shielding these coagulation-pro- 
moting surfaces could be important for the maintenance 
of blood flow through the placenta. Anti-annexin A5 anti- 



bodies that are found in patients with antiphospholipid 
syndrome (and also in the sera of patients suffering from 
systemic lupus erythematosus, Ref. 266) decrease the 
ability of annexin A5 to form a shield on the trophoblast 
surface and could thus cause placental thrombosis (240, 
241, 243, 333). In vitro annexin A5 was also shown to 
interact with the NH 2 -terminal (extracellular) domain of 
polycystin 1, the m^jor protein affected in autosomal 
dominant polycystic kidney disease, although the in vivo 
relevance of this interaction remains to be established 
(A. Markoff, N. Bogdanova, U. Rescher, F. Qian, B. Dwor- 
niczak, G. Germino, Y. Horst, and V. Gerke, unpublished 
observations). Moreover, the protein is capable of binding 
to components of the extracellular matrix, in particular 
types II and X collagens. Such binding could relate to the 
finding that annexin A5 (as a Ca 2+ channel, see above) 
affects the Ca 2+ uptake in chondrocyte-derived matrix 
vesicles in a manner depending on the binding to collag- 
ens types II and X (for review, see Ref. 329). The annexin 
A5 knock-out models underway should answer the ques- 
tion whether annexin A5 has a crucial role to play in such 
processes. 

D. Annexin Transgenesis and Targeted Gene 
Disruption 

Modulation of gene expression by either transgenic 
expression or targeted gene disruption has been used in 
many species to gain insight into protein function. Given 
the historical difficulty of assigning functions to annexins, 
it is perhaps surprising that such studies appeared rela- 
tively recently in the annexin literature. This might have 
been partly due to the expectation that annexins would be 
discovered in yeast, in which genetic manipulation is 
facile, or could reflect an unwillingness by funding agen- 
cies to support what are seen to be risky projects. Despite 
the absence of annexins in yeast, the presence of annex- 
ins in roundworms and insects leads one to hope that 
eventually mutants will be established in these organisms 
that might give clues to function. Indeed, the first genetic 
experiment involving annexins reported that disruption of 
annexin CI in Dictyostelium did not lead to any adverse 
effects when cells were cultured under normal conditions 
(71). However, the cells were significantly disadvantaged 
when cultured in low external Ca 2+ , exhibiting defects in 
growth, motility, and chemotaxis, observations that sup- 
port a role for annexin CI either as a Ca 2+ mediator or as 
a regulator of Ca 2+ homeostasis (72). The only transgenic 
studies reported to date describe the effects of overex- 
pression of annexin A6 targeted to cardiomyocytes. These 
animals display left ventricular dilation and cardiomyop- 
athy and die of heart failure at a relatively young age. 
Studies on isolated cardiomyocytes from young animals 
revealed that overexpression of annexin A6 was associ- 
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ated with a lower resting level of cytosolic Ca 2+ and 
smaller Ca 2+ spikes associated with attenuation of con- 
tractility when the cardiomyocytes were electronically 
paced (109). These results correlate inversely with studies 
on annexin A6 expression in failing human hearts (de- 
scribed in sect. vA2). Perhaps unexpectedly in view of 
these results, annexin A6 null mutant mice are healthy 
and fertile and fail to exhibit any cardiovascular defects 
with regard to heart rate, blood pressure, and circulatory 
collapse in response to endotoxic shock (121). However, 
in certain respects, the mouse is not an ideal model for 
human cardiovascular function, partly because the mouse 
heart beats almost maximally so that any "enhancement" 
in cardiomyocyte contractility would be difficult to de- 
tect. Indeed, in isolated cardiomyocytes from annexin A6 
knock-out mice in which contraction rate can be regu- 
lated, significantly increased mechanical properties 
linked to altered Ca 2+ handling are observed, when com- 
pared with cells from wild-type littermates (G. Song, 
S. E. Moss, and M. Duchen, unpublished observations). 

The lack of an overt phenotype in annexin A6 knock- 
out mice contrasts with studies on annexin A7. Targeted 
disruption of annexin A7 in mice led to embryonic lethal- 
ity at day 10 due to cerebral hemorrhage. Mice heterozy- 
gous for the mutation are viable and fertile but have 
defects in insulin secretion, although the insulin content 
of islet cells is considerably higher than in wild-type mice 
(299). Investigation of this phenotype revealed that ex- 
pression of the inositol 1,4,5-trisphosphate (InsP 3 ) recep- 
tor was also reduced, leading to the failure of InsP 3 to 
release intracellular calcium. Although this observation 
explains the phenotype and establishes a potential link 
between annexin A7 and Ca 2+ signaling, it is not clear 
why a partial reduction in annexin A7 expression levels 
should be accompanied by a parallel loss of InsP 3 recep- 
tor expression. In a separate annexin A7 gene knock-out 
project, the null mutant mice were found to be healthy 
and viable and no different from control mice with regard 
to glucose-stimulated insulin secretion, although cardio- 
myocytes isolated from these mice showed alterations in 
their frequency-induced shortening (122). However, as 
observed with annexin A6 knock-out mice, cardiomyo- 
cytes lacking annexin A7 manifested disturbances in pow- 
er-contraction frequency. Although there are other exam- 
ples of gene disruption studies in which different groups 
reported distinct phenotypes, and in the case of annexin 
A7 there were differences in design of targeting con- 
structs and disruption sites, reconciliation of the embry- 
onic lethality and minimal phenotype reported by these 
two groups represents a considerable challenge. In other 
ongoing studies, mice containing a targeted disruption of 
the annexin Al gene are reported to be viable and healthy 
(R. Flower, personal communication), and matings be- 
tween mice heterozygous for a disrupting mutation of the 
annexin A5 gene yield viable pups (K. von der Mark and E. 



Poschl, personal communication). Although systematic 
analysis of annexin null mutant mice is therefore still at 
an early stage, these preliminary observations exemplify 
not only the potential value of gene knockout in exploring 
annexin function, but also the need to keep an open mind 
with regard to the interpretation of phenotype. 

V. ANNEXINS AND HUMAN DISEASE 

A. Disorders of the Heart and Circulation 

1. Anneocins and cardiovascular biology 

As yet, no human diseases have been described in 
which a mutation in an annexin gene is a primary cause. 
However, there is evidence that through changes in ex- 
pression, properties, or localization, annexins may con- 
tribute to the pathophysiology of disease phenotypes. The 
most striking examples of these secondary effects have 
been termed "annexinopathies" (239) and are character- 
ized by dysregulation of what may be the normal anti- 
thrombotic properties of extracellular annexins. As dis- 
cussed earlier, annexin A2 on the surface of vascular 
endothelial cells can act as a receptor for tPA, so its 
presence would favor a thrombolytic environment and 
might therefore make a positive contribution to the over- 
all health of the vasculature. Conversely, changes in en- 
dothelial cell behavior leading to reduced cell surface 
expression of annexin A2 or metabolic changes that 
chemically modify annexin A2 could be hypothesized to 
lead to predisposition to cardiovascular disease. Of nu- 
merous risk factors implicated in atherothrombotic vas- 
cular disease, elevated plasma homocysteine is of partic- 
ular relevance. Homocysteine is a metabolic derivative of 
dietary methionine and was shown to incorporate into the 
NH 2 terminus of annexin A2 replacing Cys-8, a key resi- 
due in mediating the tPA processive activity of annexin A2 
(113). In this study, substitution of Cys-8 with homocys- 
teine led to a —65% loss in tPA binding capacity, consis- 
tent with the development of reduced thromboresistance 
in homocysteinemic individuals. A second risk factor with 
a well-established link to cardiovascular disease is oxida- 
tive stress. In a recent study, annexin A2 was identified as 
a major cellular target for glutathiolation in response to 
oxidative stress induced by hydrogen peroxide or TNF-a. 
Interestingly, the reactive cysteine identified as the target 
for glutathione in this study was again Cys-8 in the an- 
nexin A2 NH 2 terminus (304). A third risk factor shown in 
epidemiological studies to be linked to cardiovascular 
disease is alcohol consumption, although the effect of 
moderate intake is protective rather than deleterious. One 
recent study reported that vascular endothelial cells cul- 
tured in the presence of low concentrations of ethanol 
exhibited a doubling of cell surface fibrinolytic activity 



Physiol Rev • vol 82 • april 2002 • www.prv.org 



360 



VOLKER GERKE AND STEPHEN E. MOSS 



that correlated with a sustained increase in annexin A2 
mRNA and protein (306). Although these studies do not 
prove that annexin A2 is directly involved in the devel- 
opment of or susceptibility to cardiovascular disease, 
they support the idea that metabolic changes known to 
influence risk could be mediated at least in part by 
chemical modifications in and transcriptional regulation 
of annexin A2. 

2. Heart disease 

Because of the importance of Ca 2+ homeostasis in 
the heart, and the abundance of annexins A2, A5, and A6 
in cardiomyocytes and the supporting cellular infrastruc- 
ture, there is considerable interest in elucidating the roles 
of cardiac annexins. Immunocytochemical studies identi- 
fied annexins A5 and A6 in both myocytes and nonmyo- 
cytes in a variety of species, and most of these reported a 
concentration of annexin A5 with the sarcolemma and Z 
line in cardiomyocytes (141, 183, 191, 317, 332) and a 
preferential localization of annexin A6 with the sarco- 
lemma and intercalated disks (184, 191, 317). In addition, 
annexin A5 has been reported to be localized to the 
nucleus and nuclear membrane in neonatal differentiating 
myocytes and becomes associated with the sarcolemma 
only in terminally differentiated adult cells (183). In a 
parallel study, annexin A6 was found colocalized with 
uncharacterized subcellular structures in neonatal myo- 
cytes and was only associated with the sarcolemma in 
adult cells (184). Although the function of cardiac annexin 
A5 is not known, the benzodiazepine derivative K201, 
which blocks the Ca 2+ channel activity of annexin A5 in 
vitro (150), has been shown to protect the myocardium 
against the cytotoxic effects of Ca 2+ associated with isch- 
emia/reperfusion injury (110). 

Several other lines of evidence suggest that annexins 
have important functions in the heart. The most striking 
of these is the demonstration that cardiomyocyte-specific 
overexpression of annexin A6 in transgenic mice leads to 
hypertrophy and heart failure (109) (see also sect. ivZ)). 
This study prompted several investigations into annexin 
expression in heart disease, both in a variety of animal 
models and also in humans with end-stage heart failure. 
The picture that emerges from these studies is that the 
expression levels of annexins A2, A5, and A6 are largely 
unaffected during ventricular hypertrophy (141), but that 
during end-stage heart failure the levels of annexin A6 fall 
in cardiomyocytes whereas those of annexins A2 and A5 
rise (292). Other investigators reported similar rises in 
annexins A2 and A5 during heart failure, but restricted to 
nonmuscle cells (18), and also elevation of annexin A6 in 
interstitial tissue (317). The significance of these changes 
is not clear, but given that overexpression of annexin A6 
reduces the contractility of cardiomyocytes (109) and that 
the opposite effect is observed in annexin A6 null mutant 



mice (Song et al., unpublished observations), it is possible 
that downregulation of annexin A6 during heart failure is 
a form of molecular compensation that favors improved 
cardiomyocyte function. 

3. Annexins as anticoagulants 

As discussed in section vAl, there is growing evidence 
that annexin A2 has an antithrombotic role at the endothelial 
cell surface. More direct evidence for the involvement of 
annexin A2 in disease pathology emerged from studies on 
leukemic cells from patients with acute promyelocyte leu- 
kemia (APL). Patients with APL exhibit an increased ten- 
dency to hemorrhagic diathesis and respond well to treat- 
ment with aU-frwzs-retinoic acid. APL leukocytes were 
found to strongly overexpress annexin A2 at the cell surface 
and also to stimulate the generation of plasmin from tPA 
twice as efficiently as other leukemic cells (195). Plasmin 
generation was blocked by anti-annexin A2 antibodies and 
could be induced in non-APL cells by ectopic expression of 
annexin A2. Moreover, exposure of APL cells to all-trans- 
retinoic acid led to a marked reduction in annexin A2 mRNA 
and protein which correlated with diminished tPA binding. 
This study provides the clearest evidence so far for any 
member of the annexin family having a direct role in the 
pathophysiology of a human disease. 

Like annexin A2, annexin A5 has also been suggested 
to have an antithrombotic role that becomes compro- 
mised in disease. However, whereas annexin A2 appears 
to function as an intermediary in the fibrinolytic cascade, 
annexin A5 has been proposed to have a more direct role, 
by forming a molecular shield that insulates the apical 
surfaces of placental villi from the activities of circulating 
coagulant proteins. Anticoagulant activity is a feature of 
all Ca 2+ binding annexins and can be explained by simple 
Ca 2+ -dependent sequestration of the phospholipid matrix 
with which procoagulant factors interact. In this respect, 
annexins behave in exactly the same way as when first 
described as inhibitors of PLA 2 , since the enzyme also 
requires both Ca 2+ and phospholipid as cof actor and 
substrate, respectively. Although this type of anticoagu- 
lant activity and PLA 2 inhibition have long been viewed as 
purely in vitro properties of annexins, there is now evi- 
dence that the anticoagulant activity of annexin A5 might 
be of biological importance in the recurrent pregnancy 
losses associated with antiphospholipid syndrome (240). 
A diagnostic observation in patients with antiphospho- 
lipid syndrome is the presence in the serum of antibodies 
against a range of proteins or phospholipids, including 
annexin A5, prothrombin, cardiolipin, /3 2 -glycoprotein-I, 
and phosphatidylethanolamine (78, 314), and a number of 
studies suggest that displacement of the annexin A5 
shield by anti-annexin A5 antibodies is causative in the 
generation of a thrombogenic environment and conse- 
quent fetal loss. For example, displacement of annexin A5 
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from the syncytiotrophoblast surface with either specific 
antisera or Ca 2+ chelator (242) leads to accelerated co- 
agulation of plasma, and in a mouse model, infusion of 
anti-annexin A5 antibodies led to placental infarction and 
pregnancy wastage (333). However, not all investigators 
take the same view. Several clinical studies failed to 
detect either anti-annexin A5 antibodies (278) or any 
changes in expression or localization of annexin A5 (166) 
in women with pregnancy loss associated with antiphos- 
pholipid syndrome. Another study found no evidence that 
displacement of annexin A5 using antiphospholipid anti- 
bodies increased the thrombogenicity of the cell surface 
(21). If annexin A5 really does have a protective function 
in the placenta as an anticoagulant, the mechanism of its 
activity is likely to be considerably more complex than 
proposed in current models, suggesting that the protein 
forms an antithrombotic shield in two-dimensional crys- 
talline arrays on the exposed phospholipid surface. 

B. Annexins and Physiological Stress 

Physiological stress occurs at the cellular level in 
many disease states and is typically associated with the 
activation of certain signaling pathways, changes in cell 
morphology and activity, and modulation of gene expres- 
sion. Many of these changes can be induced in normal 
cells by using osmotic, temperature, and oxidative shock, 
and new research suggests that members of the annexin 
family may be involved in the cellular response to stress. 
Annexin Al was reported to have chaperone activity in in 
vitro experiments in which the purified protein was dem- 
onstrated to protect the enzymes citrate synthase and 
glutamate dehydrogenase from heat inactivation (155). 
Furthermore, heat shock, hydrogen peroxide, and sodium 
arsenite were all demonstrated to induce expression of 
annexin Al and also translocation of the protein from the 
cytosol to the nucleus in A549 and HeLa cells (250). The 
same set of agonists also activated the annexin Al gene 
promoter in experiments using a reporter gene. Other 
annexins have also been shown to be regulated by cyto- 
toxic stress. For example, annexin A4 was shown to be 
induced in human non-small-cell lung carcinoma cells by 
the antimitotic drug paclitaxel and to concentrate in the 
nuclei of stressed cells (117). The correlation between 
annexin translocation to the nucleus and cellular stress 
extends to annexin A5, which exhibits the same behavior 
in primary cultures of vascular endothelial cells grown 
under conditions of mild hyperoxidative stress (S. M. Sa- 
cre and S. E. Moss, unpublished observations). Annexin 
A5 has also been identified in a screen for proteins in- 
duced by hypoxic stress in cultured human cervical epi- 
thelial cells (65). Annexin A2 was also found to be in- 
duced by hypoxia in this study and by hyperoxidative 
stress in a model of renal cell carcinoma (307). Thus, at 



least in certain cell types, annexins A2 and A5 appear to 
be upregulated by changes in cellular redox state, irre- 
spective of whether these tend toward a more reducing or 
a more oxidative environment. The idea that members of 
the annexin family might have stress-related functions is 
also supported by studies in plants (100, 162, 310). One of 
these studies reported that an annexin from Arabidopsis 
thaliana possesses catalase activity and that expression 
of this annexin restored the ability of a delta oxyR mutant 
strain of E. coli to grow in the presence of peroxide (100). 
Although such enzyme activity has never been convinc- 
ingly demonstrated for any animal annexin, there is grow- 
ing evidence that annexin function may be directly influ- 
enced by oxidative and perhaps other stresses. Annexin 
A2 is glutathiolated in HeLa cells exposed to peroxide 
(304), annexin A6 has been reported to contribute to the 
Ca 2+ signal in macrophages exposed to peroxide by dis- 
sociation from the plasma membrane (130), and targeted 
disruption of the annexin A5 gene in B cells leads to loss 
of the Ca 2+ influx response to peroxide (163). Mechanical 
stress has also been shown to influence annexin behavior. 
Relaxation of human foreskin fibroblasts grown on colla- 
gen matrices led to the enrichment of annexins A2 and A6 
with shed membrane vesicles (173), and mild hyperosmo- 
lar shock leads to the association of GFP-tagged annexin 
A2 with mobile endocytic vesicles in rat basophilic leu- 
kemia cells (196). Collectively, these studies suggest that 
physiological stress may be important in the regulation 
not only of annexin gene expression but also the activities 
and intracellular localization of at least some annexins. 

C. Annexins and Cancer 

Annexins Al and A2 were first discovered as m^jor 
cellular substrates for phosphorylation on tyrosine by the 
EGF receptor and the transforming gene product of the 
Rous sarcoma virus, respectively, implicating these pro- 
teins in signaling pathways known to be subverted or 
involved in cancer. Nevertheless, evidence in support of 
causative roles for any annexin in the development of 
cancer or in cell transformation is still mainly circumstan- 
tial. Recent studies have reported a correlation between 
the level of annexin Al expression in RAW 264.7 macro- 
phages and the cellular responsiveness to lipopolysaccha- 
ride (LPS) of components of the mitogen-activated pro- 
tein (MAP) kinase pathway (1). Cells expressing reduced 
levels of annexin Al exhibited potentiation of LPS-in- 
duced MAP kinase activation, with elevated annexin Al 
expression having the inverse correlation. A similar inves- 
tigation reported a correlation between annexin Al ex- 
pression and mobilization of intracellular Ca 2+ in MCF-7 
breast carcinoma cells (89). In this case, overexpression 
of annexin Al led to abrogation of Ca 2+ release after 
activation of purinergic or bradykinin receptors, whereas 
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downregulation of annexin Al using antisense had the 
converse effect. Another recent study provided evidence 
that annexin Al overexpression in rat 2 fibroblasts leads 
to direct inhibition of cytosolic PLAg, which in turn de- 
presses the serum response element of c-fos (215). These 
authors also used deletion mutants to map the functional 
site in annexin Al to a domain comprising the first con- 
served annexin repeat Collectively, these studies all im- 
ply a growth-suppressive role for annexin Al despite the 
apparent mechanistic diversity underlying each case. The 
difficulty comes in reconciling the reported effects of 
annexin Al on MAP kinase signaling, c-fos induction, and 
Ca 2+ mobilization to a single function. Does annexin Al 
really regulate signal transduction pathways via interac- 
tions with multiple cellular targets, or can these observa- 
tions be explained by a more general effect of annexin Al 
on Ca 2+ signaling or endocytosis? And, the conclusions of 
these studies are not supported by work showing that 
annexin Al is strongly upregulated in a prostate cancer 
cell line (324), esophageal cancer (74), a stomach cancer 
cell line (283), mammaiy adenocarcinoma (220), and 
hepatocarcinoma (62). Interestingly, the latter study also 
showed that annexin Al is upregulated during normal 
hepatocyte proliferation after partial hepatectomy and 
that the proliferative rate of both normal and malignant 
hepatocytes was attenuated by antisense to annexin Al. 
These results suggest a link between annexin Al and cell 
proliferation, rather than malignant transformation per 
se, and they suggest that cell growth is associated with 
elevated rather than reduced levels of annexin Al. It must 
be hoped that clarification of these apparently contradic- 
tory lines of evidence will come from analysis of annexin 
Al null mutant mice. 

Other annexins have also been linked with cell 
growth and transformation, frequently in studies using 
similar experimental designs to those described above for 
annexin Al. For example, overexpression of annexin A5 
in MCF-7 cells leads to inhibition of phorbol ester-medi- 
ated activation of the MAP kinase pathway (264), and 
heterologous expression of annexin A6 at physiological 
levels in human A431 carcinoma cells leads to inhibition 
of growth factor-mediated Ca 2+ influx (84) and slower 
tumor growth in mice (309). Interestingly, the correlation 
between expression of annexin A6 and growth suppres- 
sion extends to melanoma, where a genetic screen iden- 
tified annexin A6 as a protein downregulated in the tran- 
sition from a nonmetastatic to a metastatic phenotype 
(87). A similar result was recently obtained for annexin 2, 
which appears to be downregulated in prostate cancer 
(39), and annexin A7, which is expressed at low levels in 
the most metastatic malignant melanomas (153). Interest- 
ingly, a recent study examining loss of heterozygocity 
(LOH) at the annexin A7 locus in prostate cancer speci- 
mens identified this LOH in 35% of the primary prostate 
tumors. Analysis of annexin A7 expression in prostate 



tumor microarrays revealed low levels of expression in 
metastatic and local recurrences of hormone refractory 
prostate cancer compared with primary tumors. More- 
over, the same study showed that ectopic expression of 
annexin A7 in two prostate tumor cell lines reduced cell 
proliferation and that heterozygous annexin A7 knock-out 
mice (+/-) have a more cancer-prone phenotype (300). A 
potential role of an annexin as tumor suppressor gene is 
not without precedent, since Theobald et al. (309) had 
reported that annexin A6 has tumor suppressor activity in 
human A 431 cells. 

The advent of global gene expression analysis using 
proteomics and DNA chip technology has also revealed 
changes in annexin gene expression in numerous cancers 
and other diseased or stressed cell states (36, 74, 283, 325, 
337). There are several searchable web sites reporting 
these findings, and for one of the most informative, inter- 
ested readers are referred to http://genome-www.stan- 
ford.edu/ for the results of the NC160 Cancer Microarray 
Project. Some of the most striking findings here include 
upregulation of annexin A5 in melanomas and annexin A9 
in prostate and colon cancers and downregulation of 
annexin A5 in leukemias and annexin Al in prostate can- 
cers. Correlations of this type are intriguing and suggest 
that changes in the levels of expression of certain annex- 
ins may influence patterns of cellular behavior, such as 
motility, invasiveness, and proliferative rate, without ac- 
tually initiating the transformation process. As such, an- 
nexins may yet prove to have therapeutic potential in the 
treatment of malignant disease. 

VI. CONCLUSION 

Annexins comprise a multigene family of Ca 2+ -regu- 
lated membrane binding proteins that has evolved into 
different branches with members expressed widely 
throughout the animal and plant kingdoms. The con- 
served Ca 2+ /membrane binding unit present in all annex- 
ins (the core domain) can be viewed as a tool invented by 
nature to peripherally dock proteins to membranes. Such 
docking can occur at high density, possibly enabling the 
annexins to organize membranes, e.g., by assembling in- 
teracting phospholipids into certain domains, or at low 
density, under which circumstances annexins may in- 
crease membrane permeability. Membrane insertion 
shown for some annexins to occur in vitro at lower pH 
might follow such peripheral association, but conditions 
possibly inducing this in vivo and potential physiological 
consequences still need to be established. The second 
principal annexin domain located at the NH 2 -terminal end 
is unique for a given member and specifies or fine-tunes 
its intracellular (in some cases also extracellular) inter- 
actions with certain target membranes or protein ligands. 
Such interactions may either affect annexin properties or 
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may be affected by annexin binding. The basis of annexin 
function as a whole most likely resides in their unique 
mode of membrane interaction, which in turn can influ- 
ence a number of membrane-related events, e.g., mem- 
brane traffic and the organization of compartment mem- 
branes and the plasma membrane. Through their apparent 
ability to organize, perturb, or integrate into membranes 
with which they interact, annexins may therefore have 
roles as effectors, regulators, and mediators of Ca 2+ sig- 
nals. Such biological activities have now been shown for 
some annexins, and further knockout as well as mutant 
models are under development to decipher the roles of 
other members of the family. However, we still have a 
long way to go to understand the precise functions of 
individual annexins. Redundancy in the family coupled to 
the problem of dealing with scaffolding or structural func- 
tions for many annexins will demand imaginative experi- 
mental approaches and rigorous objectivity in the inter- 
pretation of the results. 
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Because pemphigus vulgaris (PV) IgGs adsorbed on 
the rDsg3-Ig-His baculoprotein induced blisters in neo- 
natal mice, it was proposed that anti-desmoglein 3 (Dsg 
3) autoantibody causes PV. However, we found that 
rDsg3-Ig-His absorbs autoantibodies to different anti- 
gens, including a non-Dsg 3 keratinocyte protein of 130 
kDa. This prompted our search for novel targets of PV 
autoimmunity. The PV IgG eluted from a 75-kDa kerati- 
nocyte protein band both stained epidermis in a pem- 
phigus-like pattern and induced acantholysis in kerati- 
nocyte monolayers. Screening of a keratinocyte Agtll 
cDNA library with this antibody identified clones carry- 
ing cDNA inserts encoding a novel molecule exhibiting 
-40% similarity with annexin-2, named pemphaxin (PX). 
Recombinant PX (rPX-His) was produced in Escherichia 
coli Ml 5 cells, and, because annexins can act as cholin- 
ergic receptors, its conformation was tested in a cholin- 
ergic radioligand binding assay. rPX-His specifically 
bound [ 3 H]acetylcholine, suggesting that PX is one of 
the keratinocyte cholinergic receptors known to be tar- 
geted by disease-causing PV antibodies. Preabsorption 
of PV sera with rPX-His eliminated acantholytic activ- 
ity, and eluted antibody immunoprecipitated native PX. 
This antibody alone did not cause skin blisters in vivo, 
but its addition to the preabsorbed PV IgG fraction re- 
stored acantholytic activity, indicating that acantholy- 
sis in PV results from synergistic action of antibodies to 
different keratinocyte self-antigens, including both ace- 
tylcholine receptors and desmosomal cadherins. 



Pemphigus vulgaris (PV 1 ) is a potentially lethal disease of 
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skin adhesion in which keratinocytes (KC), the stratified epi- 
thelial cells comprising the epidermis, lose their ability to ad- 
here to one another (acantholysis) (1). Acantholysis leads to an 
intra-epidermal split and separation of the suprabasal epider- 
mal layer, which is clinically manifested by blistering that 
denudes skin and oral mucosa. Introduction of glucocorticoste- 
roids into the treatment of PV patients decreased mortality 
from 90 to 10% (reviewed in Ref. 2). Long-term corticosteroid 
therapy of PV patients is life -saving but causes severe side 
effects, including death (3, 4). This urges development of non- 
hormonal therapy of pemphigus acantholysis. The pathophys- 
iology of PV includes an array of IgG autoantibodies reacting 
with keratinocyte self-antigens with the apparent molecular 
mass ranging from 12 to 190 kDa (reviewed in Ref. 5), including 
a 130-kDa keratinocyte polypeptide (6, 7). The notion that 
autoantibodies are the main cause of PV stems from the fact 
that passive transfer of pemphigus, but not normal, IgGs to 
neonatal mice can induce skin lesions characteristic of PV (8). 
Using pemphigus antibodies eluted from the 130-kDa band as 
a probe, Amagai et al. (9) screened the human keratinocyte 
Agtll cDNA library and found that two of the clones recognized 
by these PV antibodies represented a novel desmosomal cad- 
herin termed desmoglein (Dsg) 3. The hypothesis that PV, a 
disease of skin adhesion, is caused by an antibody to Dsg 3, an 
adhesion molecule, prompted experiments toward elucidation 
of the biological effects of anti-Dsg 3 antibody. However, acan- 
tholysis could not be documented in keratinocyte monolayers 
treated with anti-Dsg 3 antibody. Several recombinant Dsg 3 
(rDsg3) proteins were produced and used to test if adsorbed 
antibodies can elicit skin blistering in neonatal mice upon 
passive transfer (10, 11). Although rDsg3 could absorb PV 
antibodies to Dsg 3, it failed to absorb all disease-causing 
antibody, and PV IgGs depleted of antibodies to Dsg 3 kept 
binding to KC in murine epidermis and inducing gross skin 
blisters (10, 12). Only creation of a chimeric baculoprotein that 
included both the extracellular epitope of Dsg 3 and an Fc 
portion of human IgGj could fulfill both goals: elimination of all 
disease-causing antibodies from pemphigus serum and induc- 
tion of gross skin blisters in neonatal mice injected with con- 
centrated eluants (13, 14). Explanations of this phenomenon 
include: 1) a possibility that the IgG portion rendered the 
rDsg3 with appropriate conformational epitope, which could be 
tested by crystallography; and 2) a possibility that the tertiary 
structure of the chimera mimicked non-Dsg 3 targets of pem- 
phigus autoimmunity, which could be tested by characterizing 
the antigenic profile of the eluted IgG. Neither possibility was 
tested. Recently, it has become evident that anti-Dsg 3 anti- 
body alone is not sufficient to cause skin blisters (15). A role for 
an autoantibody to another desmosomal cadherin, Dsgl, was 
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proposed to explain skin blisters in PV patients (16). However, 
well-documented cases of generalized disease in PV patients 
lacking Dsgl antibody (17) argued in favor of the existence of a 
yet unidentified disease-causing non-Dsgl/Dsg 3 antibody that 
could have been nonspecifically preabsorbed with rDsg3-Ig con- 
structs. Furthermore, intraperitoneal injection of the PV IgG, 
which did not have anti-Dsgl activity, into neonatal Dsg3 
knockout mice (Le. Dsg3 nul1 mice) resulted in gross skin blisters 
(5). It should be mentioned that neonatal Dsg3 nul1 mice lack the 
true PV phenotype, in that they do not develop spontaneous 
skin blisters (5, 18), which has already justified their use in 
passive transfer experiments by different research groups 
studying the nature of disease-causing PV antibodies (5, 15). 

Recently, we have compared antibodies eluted from rDsg3 
(rDsg3-His) and rDsg3-Ig (rDsg3-Ig-His), which were used in 
the original preabsorption experiments (10, 13, 14), and dem- 
onstrated that the two Dsg 3 constructs adsorb antibodies with 
different antigenic specificities (19). The PV IgGs eluted from 
rDsg3-His reacted predominantly with the 130-kDa protein 
band present in normal human KC in addition to a few weakly 
stained bands that varied among test PV sera. In marked 
contrast, the antibodies eluted from rDsg3-Ig-His recognized 
several different protein bands, including a non-Dsg 3 130-kDa 
band in the immunoblot of Dsg 3-/- keratinocyte proteins. 
Thus, crossreactivity of Dsg3-Ig-His with non-Dsg 3 antibodies 
explains how this chimeric baculoprotein could absorb all dis- 
ease-causing PV IgG. 

The vast majority of pemphigus patients develop antibodies 
that immunoprecipitate keratinocyte membrane proteins bind- 
ing the covalent cholinergic radioligand [ 3 H]propylbenzilylcho- 
line mustard ([ 3 H]PrBCM) (5) and compete with a cholinergic 
radioligand, [ 3 H] atropine, for binding to the cell membrane of 
intact human KC in culture (20). The nature of the acetylcho- 
line (ACh) receptors) targeted by PV autoimmunity remains to 
be determined. Addition to either muscarinic or nicotinic an- 
tagonists to keratinocyte monolayers in both cases results in 
acantholysis (reviewed in Refs. 21, 22), whereas cholinergic 
agonists stimulate cell-to-cell adhesion of KC, and can reverse, 
attenuate, or prevent acantholysis in keratinocyte monolayers 
when added to culture after, simultaneously with, or prior to 
PV IgG, respectively (20). The anti-acantholytic activity of cho- 
linergic agonists suggests a novel avenue for development of 
non-hormonal treatment of pemphigus. 

In this study, we demonstrate the nature of a novel target for 
non-Dsg 3 disease-causing PV IgG. Screening of the keratino- 
cyte cDNA expression library with PV IgG immunoaffinity- 
purified on a 75-kDa area of the immunoblotting membrane 
revealed a novel human annexin-like molecule, which we 
named pemphaxin (PX). We produced recombinant PX (rPX- 
His) and demonstrated that this protein acts as a cholinergic 
receptor in the radioligand binding assay with [ 3 H]ACh. PV 
IgG specifically recognized rPX-His, and preabsorption of PV 
sera with rPX-His eliminated the acantholytic activity that 
could be restored by adding back the anti-PX antibody eluted 
from the affinity column. Thus, disease-causing PV antibody 
identified PX, a novel human annexin that acts as a keratino- 
cyte cell surface receptor for ACh, and, therefore, may mediate 
known biological effects of this cytotransmitter on adhesion 
and motility of KC. 

EXPERIMENTAL PROCEDURES 

Sources of Sera and Tissue — The sera and IgG fractions were from 
well-established PV patients, and from healthy volunteers. This study 
had been approved by the University of California Davis Human Sub- 
jects Review Committee. The diagnosis of PV was made based on the 
results of both comprehensive clinical and histological examinations 
together with immunological studies, which included direct immuno- 
fluorescence (DIF), indirect immunofluorescence (IIF) on various epi- 



thelial substrates, immunoblotting, and immunoprecipitation, follow- 
ing standard protocols (23). The serum samples were stored frozen at 
-80 °C until use in experiments. The serum IgG fractions were isolated 
using 40% ammonium sulfate followed by dialysis with Ca 2+ - and 
Mg 2 *-free phosphate-buffered saline (PBS; Life Technologies, Inc., 
Gaithersburg, MD), lyophilized, and reconstituted in PBS as detailed 
elsewhere (5). The protein concentration was determined using the 
Micro BCA kit (Pierce). The samples of normal human neonatal fore- 
skins that were used to start keratinocyte cell cultures were trans- 
ported to the laboratory in culture medium, and the samples of normal 
human abdominoplasty skin that served as a source of keratinocyte 
membrane protein for immunoblotting were frozen immediately after 
harvesting. 

Immunoaffinity Purification of Acantholytic Anti-keratinocyte PV 
Antibody — The enriched fraction of human keratinocyte membrane pro- 
tein (5) was used as a substrate in immunoblotting experiments aimed 
at characterizing novel PV antigens. The epidermis was separated from 
the dermis by incubation in RPMI 1640 medium (Sigma), supplemented 
to contain 200 mM EDTA for 90 min at 37 °C and 5% CO z (24), and 
harvested into a 50-ml polyethylene centrifuge tube filled with ice-cold 
Tris-buffered saline (TBS), pH 7.4, that contained the following prote- 
ase inhibitors: 2 mM phenylmethylsulfonyl fluoride, 0.1 mgfrnl bacitra- 
cin, 10 /ig/ml leupeptin, 10 ^tg/ml soybean trypsin inhibitor, 10 Aig/ml 
pepstatin A, and 10 jig/ml chymostatin (ail from Sigma). The epidermis 
was then washed three times by centrifugation, put on ice, and homog- 
enized with a PowerGen tissue-and-cell disrupter (Fisher Scientific, 
Santa Clara, CA) in the same buffer containing 20 mM Ca 2 "*. Large 
organelles and epidermal debris were removed by centrifugation at 
2000 X g for 45 min at 4 °C, and the cell membrane fraction was 
pelleted from the supernatant by centrifugation at 80,000 X g for 1 h at 
4 °C. The pellet was solubilized in sodium dodecyl sulfate-polyacrylam- 
ide gel electrophoresis (SDS-PAGE) buffer containing 2% SDS and 5% 
0-mercaptoethanol, boiled for 5 min, and cleared by centrifugation at 
40,000 X g for 1 h at 4 °C. Western blotting of SDS-PAGE-resolved 
proteins was performed as reported previously (5) with minor modifi- 
cations. Briefly, the proteins were separated on a 7.5% SDS-PAGE gel 
and transferred to an Immobilon-P membrane (Millipore Corp., Bed- 
ford, MA), which was blocked, first with 5% milk in TBS for 1 h at 37 °C 
and then with TBS containing 1% normal goat serum, 3% dried milk, 
and 0.05% Tween 20 (Sigma) overnight at 4 °C, and cut into 4-mm wide 
vertical strips. Each strip was exposed to a primary antibody, i.e. PV or 
normal human serum, for 1 h at room temperature and then washed 
thoroughly. The protein bands recognized by PV and normal human 
IgGs were visualized by biotinylated goat anti-human IgG antibody 
(Pierce) and developed using a biotin/avidin system (Vectastain ABC 
system; Vector Laboratories, Burlingame, CA). The specificity of bind- 
ing was determined in negative control experiments, in which the 
primary antibodies were omitted. The PV IgG fractions were isolated 
from the immunoblotting membrane areas that were recognized 
uniquely by PV IgG, but not normal human IgG, following a procedure 
described previously (25). Briefly, approximately 3-mm wide horizontal 
strips carrying a keratinocyte membrane protein with a particular 
molecular mass of ±3 kDa were cut out from the immunoblotting 
membrane and incubated overnight with PV serum diluted 1:5 in TBS 
containing 20 mM CaCl 2 , 0.05% Tween 20 (Sigma), and 1% non-fat skim 
milk to allow antibody binding. The strips were then washed thor- 
oughly, and the antibodies were eluted by a 3-min incubation at 37 °C 
in a solution containing 500 ul of 20 mM sodium citrate, 1% milk, and 
0.05% Tween 20 (pH 3.2) and immediately neutralized by adjusting the 
pH to 7.4 with the 2 M Tris base. 

Immunofluorescence Screening Experiments — The IIF experiments 
testing the ability of PV IgG eluted from the strips of immunoblotting 
membranes to specifically stain KC in the tissue samples were per- 
formed as described previously (5) with minor modifications. Briefly, 4- 
to 8-mm cryostat sections of freshly frozen normal human skin, monkey 
esophagus, or murine skin were incubated overnight at 4 °C with the 
immunoaffinity-purified PV IgG fractions, after which the tissue sec- 
tions were washed and binding of primary antibody was visualized by 
incubating the tissue section with fluorescein isothiocyanate (FITC)- 
labeled goat anti-human IgG antibody (Pierce) for 1 h at room temper- 
ature. The specificity of antibody binding was demonstrated by omitting 
the primary antibody, which abolished the staining. The immunofluo- 
rescence images were obtained using a fluorescence microscope (Axio- 
vert 135, Carl Zeiss Inc., Thornwood, NY) with a charge-coupled device 
video camera (Photon Technology International, Monmouth Junction, 
NJ) attached. 

Cell Culture Screening Experiments — Acantholytic activity of the 
eluted PV IgGs, which stained the stratified epithelial substrate in a 
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pemphigus-like, "intercellular" pattern, were tested in the monolayers 
of normal human foreskin KC isolated from the epidermis and grown at 
37 °C in serum-free keratin ocyte growth medium (KGM; Life Technol- 
ogies, Inc.) containing 0.09 mM Ca 2 * in a humid 5% C0 2 incubator, as 
detailed elsewhere (26). To observe changes in cell morphology, second 
passage KC were seeded into 6-well tissue culture plates at a cell 
density of 1 X lOVwell and grown to confluence (i.e. for 5-7 days) in 2 
ml of KGM per well. The monolayers were then fed with equal amounts 
of test PV (experiment) or normal human serum (control) IgG fractions, 
10 /igftnl KGM, and returned to a 5% C0 2 incubator for a 12-h incuba- 
tion at 37 °C. After incubation, the cells were fixed with 3% glutaral- 
dehyde and stained with the trypan blue dye solution (Sigma), and the 
images of the experimental and control keratin ocyte monolayers were 
captured using a camera-adapted light microscope (Olympus Corp., 
Lake Success, NY) 

Screening ofcDNA Library— Following standard procedures (27), the 
human keratinocyte Agtll cDNA library (CLONTECH, Palo Alto, CA) 
was screened with PV antibody that was immunoaffinity-purified from 
a 75-kDa keratinocyte membrane protein band. Briefly, the host bacte- 
ria Yl090r- were grown overnight, infected with phages from the li- 
brary for 30 min, plated on Mg 2+ -contained agar plates, and grown 
overnight at 37 °C. Over 3 million plaques formed on the bacterial 
lawns were screened by lifting isopropyl-D-thiogalactoside (IPTG; 
Sigma) containing nitrocellulose filters (Millipore Corp.). After blocking 
with 3% dry milk (Sigma) in TBS, the filters were incubate for 2 h at 
room temperature with the immmioanrnity-purified antibody. The 
plaques specifically recognized by the antibody were visualized using 
horseradish peroxidase-conjugated goat anti-human IgG (Bio-Rad, Her- 
cules, CA). The positive plaques were isolated and rescreened until a 
single clone was isolated. The insert from isolated clones were amplified 
using a pair of cloning primers specific for the Agtll vector: ^'-ggggggg- 
taccggatccccggtcgacggtttccatatgg-3' (forward) and 5'-cccgggatccatatgg- 
taccaagcttatttttgacaccagacca-3' (reverse). The polymerase chain reac- 
tion (PCR) products were purified from the gel using the silica 
membrane spin-column technology (QIAquick Spin, Qiagen, Santa 
Clarita, CA) and sequenced in both directions with a pair of specific 
sequence primers: 5'-gactcctggagcccg-3' (forward) and 5'-ggtagcgaccg- 
gcgc-3' (reverse) using an automated DNA sequencing system (ABI 
Prism 377, Perkin-Elmer). Homology searches were run against the 
GenBank® nucleotide and protein sequence data bases using the 
BLAST search program from the National Center of Biological Infor- 
mation web site. The amino acid multiple sequence alignment was 
performed using Gene Jockey III software (Biosoft, Cambridge, UK). 
The cDNA insert was removed from the purified Agtll phagemid and 
subcloned into pBluescript vector (Stratagene, La Jolla, CA) for further 
characteriz ation . 

PCR Experiments — PCR was performed as described by us elsewhere 
(5). Briefly, each reaction had a final volume of 50 ul containing the 
DNA templates, lx PCR buffer (Promega, Madison, WI); 0.2 mM each of 
dATP, dCTP, dGTP, dTTP; 2 units of Taq DNA polymerase (Promega); 
and 1 /am each of the sense and antisense primers. The reaction mixture 
was first heated at 95 °C for 5 min and hot-started with 2 units of DNA 
Tag-polymerase (Life Technologies, Inc.) followed by 35 cycles (or 15 
cycles for cloning experiments) of denaturing at 95 °C for 60 s, anneal- 
ing at an appropriate temperature (optimized for primers used in each 
PCR) for 60 s, and extension at 72 °C for 120 s. In the final cycle, the 
extension was increased to 8 min. The PCR products were electrophore- 
sed on 2% agarose gels containing 1 jig/ml ethidium bromide and 
photographed under fluorescent UV illumination (Alphalmager 2000, 
Alpha Innotech Corp., San Leandro, CA). The size of the PCR product 
was estimated by using a 100- or a 250-bp DNA ladder standard (Life 
Technologies, Inc.). 

Expression of rPX-His in Escherichia coli — The expression vector 
pQE-30 (Qiagen), which is designed to express proteins containing a 
6xHis-tag at the N-terminal, was used to express rPX-His. The vector 
was linearized by digestion with the SphI and Kpnl restriction enzymes 
for 1 h at 37 °C, then purified from an agarose gel, and incubated at 
37 °C with 5 units of alkaline phosphatase (Promega) to enhance the 
efficiency of ligation. cDNA from the PX Agtll clone was amplified by 
PCR with the following primers: 5'-ccgcatgcgatgacgatgacaaaat- 
gtctgtgactggcgggaagatggc-3' (forward) and 5'-cccgggatccatatggtac- 
caagcttatttttgacaccagacca-3' (reverse). The forward primer was de- 
signed to have an additional SphI restriction site, which allows the 
insert to be ligated in-frame with the 6xHis gene of the pQE-30 vector. 
The PCR product was double digested with SphI and Kpnl restriction 
enzymes and purified. Digested product was directionally cloned into 
unique SphI and Kpnl sites in the multiple cloning site of the pQE-30 
vector. The ligated vector was used to transform E. coli expression 



strain M15 (Qiagen). Transformed cells were plated on a NYZ agar 
plate containing 25 jig/ml kanamycin and 100 ug/tal ampicillin and 
grown overnight. To verify the clone that produced the rPX-His protein, 
transformed bacterial colonies were blotted to a marked nitrocellulose 
filter and inversely placed on an IPTG^ntaining NYZ agar plate and 
grown for 4 h. The filter was then treated with denaturing buffer, 
neutralized, blocked with 3% non-fat milk in TBS and screened for 
colonies that produced rPX-His using anti-RGS-His monoclonal anti- 
body (Qiagen). Positive clones were selected from the original plate, and 
their plasmids were sequenced with a specific primer to confirm that 
the correct PX cDNA had proper frame and orientation. A representa- 
tive clone was inoculated into NYZ medium containing 25 jig/ml kana- 
mycin and 100 ptg/ml ampicillin. The culture was incubated, with shak- 
ing, at 37 °C until an of 0.6 was reached, and IPTG was added to 
a final concentration of 2 mM. Culture samples (2 ml each) were col- 
lected every hour during 4 h and centrifuged, and the bacterial pellets 
were dissolved in sample buffer and analyzed by SDS-PAGE with 
Coomassie Blue staining. 

Production and Purification of rPX-His— Large scale rPX-His pro- 
duction was performed in 1 liter of medium, as described above. The cell 
pellet was lysed at room temperature by stirring the pellet in a buffered 
solution containing 8 M urea, pH 8.0 (lysis solution). Once the solution 
became translucent, the cellular debris was removed by centrifugation 
at 40,000 x g for 1 h at 4 °C. The clarified supernatant was incubated 
with nickel-nitrilotriacetic acid-agarose resin (Ni-NTA, Qiagen) to cap- 
ture the His-tagged protein. The resin was washed with several vol- 
umes of buffered 8 M urea, pH 6.3, until a A^ of about 0.001 was 
achieved, and loaded into a column. The rPX-His protein was eluted 
from the column using either denaturing or non-denaturing condition. 
The denatured rPX-His was eluted with a buffer containing 8 M urea, 
pH 5.9 and 4.5, resolved by SDS-PAGE, and analyzed by immunoblot- 
ting with PV IgG. Or, the immobilized rPX-His was first renatured over 
a period of 1.5 h in a linear 6 to 1 M urea gradient in 500 mM NaCl, 20% 
glycerol, 20 mM Tris-Cl, pH 7.4, containing protease inhibitors, and 
then eluted with a non-denaturing buffer containing 50 mM NaH 2 P0 4 , 
300 mM NaCl, and 250 mM imidazole, pH 8.0. The purified renatured 
rPX-His was used in the radioligand binding assays as well as for 
immunoaffinity purification of anti-PX PV antibody. 

Radioligand Binding Assays with rPX-His— Nitrocellulose filters 
(13-mm diameter, catalog no. HAWPO1300, Millipore Corp.) with a 
total protein capacity of 160 jig/cm 2 were placed into the bottom of each 
well of a bovine serum albumin-pre treated 24-well standard cell-and- 
tissue culture plate (Nalco Nunc International, Denmark). One fig of 
the affinity-purified rPX-His was diluted in 300 ul of PBS and loaded 
into each filter for overnight incubation at 4 °C to allow complete 
absorption of rPX-His by the filter (determined in a series of prelimi- 
nary experiments by measuring the optical density at 280 nm of free 
rPX-His remaining in the solution). The membranes carrying rPX-His 
were blocked with 2% bovine serum albumin for 1 h at room tempera- 
ture, after which the plates were put on ice, washed three times with 
ice-cold PBS, and exposed in triplicate for 1 h to increasing, from 0 to 
1000 nM, concentrations of [ 3 H]ACh iodide (82.0 mCi/mmol, NEN Life 
Science Products, Boston, MA). Nonspecific binding was measured in 
parallel wells, in which the filters were exposed to the same increasing 
doses [ 3 H]ACh in the presence of 100-fold concentrations of non-labeled 
ACh iodide (Sigma). The filters were then washed thoroughly with 
ice-cold PBS, placed in 6-ml vials containing 5 ml of liquid scintillation 
mixture (Ecolite, ICN, Costa Mesa, CA), and their radioactivity was 
counted in the liquid scintillation counter (model 1409, Wallac Inc., 
Gaithersburg, MD). The specific binding was computed by subtracting 
the nonspecific binding from total binding, and the binding capacity 
(B me J and dissociation constant (K d ) were calculated using the ligand 
binding analysis software Prism (GraphPad, San Diego, CA). In a 
separate set of radioligand binding experiments, we investigated the 
ability of the cholinergic radioligand [ 3 HJPrBCM (5 mCi/mmol of the 
customized [ 3 H]PrBCM; NEN Life Products) to label rPX-His and the 
ability of the nicotinic agonist nicotine and the muscarinic agonist 
muscarine (both from Sigma) to abolish rPX-His labeling with 
[ 3 HlPrBCM. Prior to the assay, [ 3 H]PrBCM was cyclized in 10 mM PBS 
at 30 °C for 20 min to activate the aziridinum ions (28). 

Immunoaffinity Purification and Characterization of Anti-PX PV 
IgG — PV sera were diluted 1:5 in Immunopure Gentle binding buffer 
(Pierce) and incubated overnight at 4 °C with rPX-His immobilized on 
Ni-NTA resin. The pass-through serum fraction was collected, and the 
IgGs were isolated using 40% ammonium sulfate precipitation followed 
by dialysis against Ca 2 "- and Mg 2 *-free PBS. The rPX-His column with 
bound PV antibody was washed 10 times with TBS containing 300 mM 
NaCl, and the immunoaffinity-purified anti-PX IgG fraction was eluted 
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from the column by Immunopure Gentle elution buffer and desalted on 
a D-Salt Exellulose plastic desalting column (both from Pierce). The 
pattern of specific binding of the eluted antibody was examined by IIF 
on human skin and monkey esophagus. The antigenic profile of the 
eluted PV IgG was identified by immunoprecipitation of metabolically 
labeled human keratinocyte proteins (see below), which is considered 
the most sensitive and specific approach to characterize the antigenic 
specificity pemphigus antibodies (7). 

Metabolic Labeling of Cultured KC and Immunoprecipitation As- 
say — Second passage human foreskin KC were grown to approximately 
90% confluence, washed thoroughly with prewarmed (37 °C) PBS, in- 
cubated for 15 min at 37 °C in methionine- free Dulbecco's modified 
Eagle's medium (Life Technologies, Inc.) containing 15% newborn calf 
serum, and then exposed to 100 fiCi/ml PS] methionine (1000 Ci/mmol, 
Amersham Pharmacia Biotech, Arlington Heights, IL) in 1.8 mM Ca 2+ 
labeling medium for 16 h in a humid, 5% C0 2 incubator, at 37 °C. The 
keratinocyte monolayers were then washed thoroughly, and the cells 
were scraped with a rubber policemen; pelleted by centrifugation at 
300 X g for 5 min at 4 °C; resuspended in ice-cold 10 mM TBS containing 
0.025% NaN 3 , 20 mM Ca 2+ , 1% Nonidet P-40 (Amersham Pharmacia 
Biotech) and the protease inhibitors 1 mM iodoacetamide, 2 mM phen- 
ylmethylsulfonyl fluoride, 5 /xg/ml leupeptin, 5 /xg/ml pepstatin A, and 
5 /ig/ml chymostatin; put on ice; and homogenized. Solubilized [ 35 S]me- 
thionine-labeled proteins were separated by centrifugation at 40,000 x 
g for 60 min at 4 °C and used as a source of naturally folded keratino- 
cyte proteins. The radiolabeled keratinocyte protein solution was incu- 
bated with immunoaffinity-purified anti-PX PV IgG overnight at 4 °C 
with gentle shaking. The immune complexes were precipitated with 
slurry protein A-Sepharose suspension, washed, and resolved by 7.5% 
SDS-PAGE. The gels were fixed and enhanced with 1 M sodium salic- 
ylate, and the radioactivity was analyzed using the storage phosphor 
autoradiography feature of the Storm system (Molecular Dynamics, 
Mountain View, CA). 

Antibody Transfer to Neonatal Mice— The PV phenotype was induced 
in neonatal mice by passive transfer of PV patients' serum IgG fractions 
to normal Balb/c mice (8). The IgGs were injected intraperitoneal^ 
through a 30-gauge needle at a dose of 20 mg/g of body weight per day 
into 10- to 12-h-old pups. The neonates always received the same 
amounts of PV IgG (experiment) and normal human IgG (control). The 
latter was isolated from normal human serum purchased from Sigma 
Chemical Co. The mice were sacrificed when fully developed skin le- 
sions could be seen or, if no gross lesions could be observed, approxi- 
mately 24 h after the last injection. The lesional and perilesional skin 
samples were collected and examined by staining with hematoxylin and 
eosin and by DIF with FITC-conjugated goat anti-human IgG antibody 
(Pierce). 

Statistics — The results of quantitative experiments were expressed 
as mean ± S.D. Significance was determined using the Student's t test. 

RESULTS 

Selection of an Immunoaffinity-purified Acantholytic Anti- 
keratinocyte PV IgG as a Candidate for cDNA Library Screen- 
ing — In an attempt to identify the pathogenic PV antibody, we 
investigated the ability of different fractions of immunoaffin- 
ity-purified anti-keratinocyte PV IgGs to: 1) stain the stratified 
epithelial substrates in a fishnet-like, "intercellular" pattern, 
which is diagnostic of PV (1); and 2) induce acantholysis in 
keratinocyte monolayers, which has become a standard ap- 
proach to test disease-causing ability of PV antibodies (29, 30). 
Among tested PV IgG fractions, the antibody eluted from the 
horizontal strip excised from the 75-kDa area of the immuno- 
blotting membrane produced intercellular epithelial staining of 
both normal human skin and monkey esophagus in IIF exper- 
iments (Fig. 1, A and B). Treatment of confluent monolayers of 
normal human KC with this immunoaffinity-purified PV IgG 
fraction, but not with normal human IgG, produced changes of 
the cell morphology characteristic of pemphigus acantholysis 
(Fig. 1, C and D). No acantholysis could be seen in cultures 
treated with equal amounts of PV IgG eluted from the 130-kDa 
area of immunoblots of normal human keratinocyte proteins 
(data not shown). Therefore, PV IgG immunoaffinity-purified 
on a 75-kDa band was selected to probe the Agtll human 
keratinocyte cDNA expression library. 

Isolation ofcDNA Clones Encoding PX and Sequence Anal- 




FlG. 1. Selection of the acantholytic anti-keratinocyte PV IgG 
fraction for screening human keratinocyte Agtll cDNA library. 

A and B f the PV IgG immunoaffinity-purified on the horizontal strip 
excised from the 75-kDa area of the immunoblotting membrane pro- 
duced intercellular epithelial staining of both normal human skin (A) 
and monkey esophagus (B) in IIF experiments. FITC-labeled rabbit 
anti-human IgG was used as a secondary antibody. No staining was 
seen when the PV IgG was omitted or replaced with an irrelevant 
antibody (not shown). Scale bars, 50 /im. C and D, A confluent mono- 
layer of second passage normal human foreskin KC was incubated with 
either normal human IgG (C; negative control) of equal amount of the 
PV IgG that was immunoaffinity-purified on a 75-kDa band (D) for 12 h, 
and then fixed and stained with the trypan blue dye. The cell morphol- 
ogy is characteristic of pemphigus acantholysis was induced by anti-75 
kDa PV antibody (D). No such changes could be observed in a parallel 
control experiment in which a confluent keratinocyte monolayer was 
treated with PV IgG immunoaffinity-purified on the 130-kDa horizontal 
strip (not shown). Scale bars, 50 ^un. 

ysis— Approximately 3 X 10 6 plaques of Agtll human kerati- 
nocyte cDNA expression library were screened with the affin- 
ity-purified antibody from three PV sera (codes: PRC-45, PRC- 
46, and PRC-47), which contained the anti-75-kDa band 
acantholytic PV IgG that stained the stratified epithelium in a 
pemphigus-like pattern. In the first round of screening, four 
plaques were found to be positive for antibody binding. How- 
ever, only two clones, designated as K5 and K12, remained 
immunoreactive after subsequent rescreening. Because PV IgG 
eluted from the filter blotted with both K5 and K12 clones 
stained monkey esophagus in a pemphigus-like pattern (data 
not show), both clones were selected for further characteriza- 
tion. PCR amplification of the cDNA insert using a pair of 
Agtll cloning primer revealed that K5 and K12 clones carried 
the 1.3- and 1.4-kb cDNA inserts, respectively (Fig. 2A). Unex- 
pectedly, sequence analysis of the cDNA inserts from both 
clones predicted the same open reading frame of 1035 bp, 
encoding a full-length protein comprised of 345 amino acids 
(Fig. 2B) with a calculated molecular mass of 38.3 kDa. Exam- 
ination of the nucleotide sequence revealed an in-frame stop 
codon situated upstream of the first ATG codon, which indi- 
cated that a complete coding region was identified. There were 
two tandem ATG potential translation initiation codons after 
the upstream in-frame stop codon. The first one most likely 
represented the initiation codon, because it was preceded with 
the Kozak consensus sequence (31). No poly(A) tail was de- 
tected. A BLAST search of the GenBank® data base at the 
NCBI web site showed that the nucleotide sequence encoded a 
previously unknown molecule. The deduced amino acid se- 
quence revealed a high degree of homology to the members of 
the Ca 2+ -dependent annexin protein gene family. The strong- 
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1063 ACATCCGAGGATCTGAGATTTCCGTGTTTGGCT 

1150 GGATTCC 1156 

Fig. 2. Identification of pemphaxin (PX) — a novel human annexin-like molecule — using the anti-75-kDa band immunoaffinity- 
purified FV IgG as a probe. A, PCR amplification of cDNA inserts from Agtll phages isolated from the clones K5 and K12 using specific Agtll 
forward and reverse cloning primers. The 1.5- and 1.6-kbp PCR products carried copies of 1.3- and 1.4-kbp cDNA inserts, respectively, from the 
two clones that were specifically recognized by affinity-purified PV IgG as a result of screening of 3 million plaques of a Agtll human keratinocyte 
cDNA expression library. Sequence analysis of both cDNA inserts revealed that both encoded for the same novel molecule, PX. B, the nucleotide 
sequence and the predicted amino acid sequence of PX. The in-frame upstream and downstream stop codons are underlined. The Kozak sequence 
that precedes the potential initiation ATG codon is double underlined. C, multiple amino acid sequence alignment of PX with the annexin-2 
sequences reported for different species showing that PX shares the same amino acids in most of the conserved regions. Shaded regions indicate 
the identical amino acid residues among all compared sequences. The arrow denotes potential glycosylation site. The asterisks denote the potential 
type II Ca 2 * binding sites. The potential actin bundling site is underlined. Anx-2, annexin-2. 
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Fig. 2— continued 



est similarity, approximately 40%, was observed with an- 
nexin-2 present in chicken (GenBank® accession number 
P17785), cow (P04272), rat (Q07936) and humans (NP004030). 
The amino acid sequence alignment (Fig. 2C) revealed several 
conserved regions, including the type II Ca 2+ binding sites (32, 
33) and the actin bundling site that plays a role in Ca 2+ -de- 
pendent bundling of actin microfilaments by annexins (34). 
Because of its homology to the members of the annexin protein 
gene family, we tentatively named this newly discovered PV 
antigen pemphaxin (i.e. pemph igus + annexin = pemphaxin). 

Expression of the rPX-His Fusion Protein in E. coli and Its 
Affinity Purification— To allow experiments with immunoaffin- 
ity-purified anti-PX PV antibody, we produced a full-length 
recombinant PX. Because both K5 and K12 clones carried full- 
length cDNAs encoding the complete open reading frame of PX, 
we chose to directionally clone the K5 cDNA to the pQE-30 
expression vector, which was designed to express PX protein 
carrying a poly-His tag at its N terminus. The cloned pQE- 
30-PX was transformed into E. coli M15 cells, and the colonies 
expressing rPX-His were selected by screening with anti-RGS- 
His monoclonal antibody. Antibody staining revealed six 
strongly positive colonies that contained correct PX inserts, as 
confirmed by subsequent sequencing. Clone 1 was selected for 
a time course characterization of PX expression. As seen in Fig. 
3A, the transfected bacteria began to produce rPX-His after 
induction with 2 dim IPTG, and the amount of this fusion 
protein, estimated by the time course study with the time 
points of 1, 2, 3, and 4 h, gradually increased and reached 
saturation at 4 h after induction. As expected from the deduced 
molecular mass of PX, the newly produced rPX-His migrated 
with a 40-kDa protein band on the 12% SDS-PAGE gel. No 
proteins were induced by IPTG in control, non-transfected E. 
coli M15 cells (data not shown). The rPX-His was isolated from 
the mixture of E. coli proteins on the Ni-NTA column via its His 
residues. The rPX-His fusion protein was eluted from the col- 
umn, and its purity was confirmed by finding a single band in 
12% SDS-PAGE-resolved eluant (Fig. 3A, lane PX). The ability 
of rPX-His to exhibit PX conformational epitope(s) recognized 
by PV antibody was confirmed by immunoblotting of affinity- 



purified rPX-His with the three PV sera that were used in the 
cDNA library screening experiments (Fig. 3B). 

Cholinergic Radioligand Binding by rPX-His— Cholinergic 
ligand binding properties of annexins-1, -2, and -3 (35) sug- 
gested that PX also acts as a cholinergic receptor binding ACh 
on the cell surface of KC. To test this hypothesis, rPX-His was 
used in a standard radioligand binding assay. The saturable 
specific binding was achieved with the reversible cholinergic 
radioligand [ 3 H]ACh (Fig. 4A). The analysis of binding kinetics 
revealed the K d value of 909 nM and a B max of 176 pmol/mg of 
protein, indicating that, on the cell membrane of KC, PX may 
act as a low affinity receptor for endogenously produced and 
secreted ACh. 

Because we demonstrated in a previous study (5) that 85% of 
pemphigus patients develop autoantibodies, which immuno- 
precipitate a keratinocyte membrane protein covalently la- 
beled with the cholinergic radioligand [ 3 H]PrBCM, we further 
asked whether [ 3 H]PrBCM can specifically label rPX-His. The 
specificity of [ 3 H]PrBCM binding to rPX-His was demonstrated 
in the binding inhibition experiment using non-labeled cholin- 
ergic ligands ACh, nicotine, and muscarine as competitors (Fig. 
4B). As expected, ACh as well as its nicotinic and muscarinic 
congeners decreased significantly (p < 0.05) the amount of 
[ 3 H]PrBCM bound to rPX-His, indicating that PX exhibits 
dual, muscarinic and nicotinic pharmacology. The dose- 
dependent radioligand binding inhibition assay with 
[ 3 H]PrBCM could not be performed because of the irreversible 
nature of its binding to a receptor molecule, via an alkylation 
reaction (36). 

Characterization of Immunoaffinity-purified Anti-PX PV An- 
tibody— The anti-PX PV IgG was immunoaffinity-purified on 
rPX-His immobilized on the Ni-NTA column via its His tags, 
and the PV IgG fraction eluted from the resin was character- 
ized by: 1) IIF assay using human skin and monkey esophagus 
as substrates; and 2) immunoprecipitation assay with metabol- 
ically radiolabeled keratinocyte proteins. In the IIF assays, the 
immunoaffinity-purified anti-PX PV IgG stained, in a distinct 
fishnet-like, pemphigus pattern, the stratified squamous epi- 
thelium in human skin and monkey esophagus (Fig. 5, A and 
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Fig. 3. Expression of the rPX-His fusion protein in E. coli and 
its affinity purification. A, the time-course study of the expression of 
rPX-His. The selected E. coli M15 cells transformed with pQE30-PX 
were grown in NYZ medium to an optical density of 0.6. at 600 nm and 
induced with 2 mM IPTG. 1-ml samples of bacterial culture were col- 
lected before induction and at 1, 2, 3, and 4 h post induction. The protein 
extracts of these samples were analyzed on 12% SDS-PAGE gel stained 
with Coomassie Blue. A sample of rPX-His purified on a Ni-NTA col- 
umn is designated as PX, and the wash-through fraction is designated 
as W. No additional proteins were produced in the control experiments 
in which non-transfected E. coli M15 cells were induced with IPTG (not 
shown). B, the conformational epitope of rPX-His allows its immu- 
norecognition by PV IgG. Western blots of affinity-purified rPX-His 
were stained with sera from the three PV patients whose IgG fraction 
was used to screen Agtll human keratinocyte cDNA expression librar- 
ies. Binding of anti-PX PV IgG was visualized using horseradish per- 
oxidase-conjugated goat anti-human IgG antibody. No staining could be 
seen in the negative control experiment in which the primary antibody 
was omitted (not shown). In the reference lane, denoted PX, the rPX-His 
fusion protein is visualized by staining with Coomassie Blue. 



B). The epithelia of other types, such as those lining human 
bronchi, lung alveoli, small and large intestine, and renal glo- 
meruli, did not exhibit specific staining (data not shown), indi- 
cating that the stratified epithelium is a major site of the 
epithelial expression of PX in human beings. We did not test 
non-epithelial tissues in this study. 

Although addition of a 6xHis-tag to PX should not alter its 
conformational epitope, we sought to rule out even a remote 
possibility that, in addition to anti-PX, the rPX-His fusion 
protein absorbs antibodies of other specificities. The purity of 
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Fig. 4. Cholinergic radioligand-binding to rPX-His. A, saturable 
binding of the reversible cholinergic radioligand PrflACh to rPX-His in 
a standard radioligand binding assay detailed under "Experimental 
Procedures." The analysis of the specific binding revealed a of 176 
pmol/mg of protein with a K d of 909 nM. B, blocking of rPX-His labeling 
by [ 3 H]PrBCM in the presence of ACh, the nicotinic ligand nicotine 
(Nic) or the muscarinic ligand muscarine (Mus). The data are mean ± 
S.D. of triplicate measurements of [ 3 H]PrBCM radioactivity (in cpm) 
associated with rPX-His after its 30-min incubation with 5 nM 
PHlPrBCM at room temperature in the presence or absence of 10 jtM of 
non-labeled cholinergic drugs ACh, Nic, or Mus. 

PV IgG eluted from rPX-His was tested in a immunoprecipita- 
tion assay, which allows an antibody to recognize its antigen in 
the native form, to increase the sensitivity and specificity of 
antibody characterization. The immunoprecipitation assay 
showed that the affinity-purified anti-PX PV IgG precipitated 
keratinocyte proteins with apparent molecular masses of 40 
and 80 kDa (Fig. 5C). Because the deduced molecular mass of 
PX is 38.3 kDa, these results suggested that PX exists as a 
monomer and a homodimer in KC. This hypothesis was further 
supported by demonstration of the predicted reciprocal changes 
in the relative amounts of the 40- and 80-kDa products depend- 
ing on the presence or absence of the reducing agent /3-mercap- 
toethanol in the SDS-PAGE buffer (Fig. 5C). Indeed, the cova- 
lent linkage of two annexins in a dimer is common for certain 
annexins (reviewed in Ref. 37). 

Absorption of Disease-causing PV Antibodies with rPX- 
His — To determine the pathophysiological significance of an- 
ti-PX antibody in pemphigus, we next asked if depletion of the 
PV IgG fraction of anti-PX antibody could affect the ability of 
PV IgG to cause gross skin blisters in neonatal mice. Equal 
amounts of the intact whole PV IgG fraction (positive control) 
and the PV IgGs that either passed through the Ni-NTA col- 
umn containing immobilized rPX-His or were eluted from the 
column were injected intraperitoneal^ into 10- to 12-h-old 
Balb/c mice at a concentration of 20 mg of IgG/g of body weight 
per day. Only the mice that received non-absorbed PV IgGs 
reproducibly developed pemphigus-like gross skin lesions be- 
tween the 16th and 24th h after a single injection. The mice 
injected repeatedly with either the pass-through (Fig. 5D) or 
the immunoaffmity-purified anti-PX IgGs (not shown) did not 
develop any macro- or microscopic skin changes, despite depo- 
sition of injected IgGs in mouse epidermis in both cases (Fig. 
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Fig. 5. Characterization of immiinoaffinity-purified anti-PX 
PV antibody. A and B, characterization of immunoaffinity-purified 
anti-PX PV IgG by IIF. Typical pemphigus-like, "intercellular" staining 
pattern produced due to binding of the PV IgG fraction eluted from 
rPX-His to normal human epidermis (A) and monkey esophagus (B). No 
staining could be seen in negative control experiments stained by a 
secondary antibody without anti-PX PV IgG (not shown). Scale bars, 50 
jim. C, characterization of immunoaffinity-purified anti-PX PV IgG by 
immunoprecipitation. The whole PV serum (lane 2) or PV IgG eluted 
from rPX-His (lanes 2 and 3) were used to immunoprecipitate 35 S- 
metabolically labeled human keratinocyte protein extract, as detailed 
under "Experimental Procedures." The immunoprecipitate in lanes 1 
and 3 was diluted in SDS-PAGE buffer containing both 2% SDS and 5% 
/3-mercaptoethanol, which allowed predominant visualization of rPX- 
His in the form of a 40-kDa monomer. The immunoprecipitate resolved 
in lane 2 was treated without the reducing agent /3-mercaptoethanol, 
which produced a reciprocal staining picture, because omission of 
0-mercaptoethanol allowed predominant visualization of rPX-His in a 
form of a naturally assembled homodimer with an apparent molecular 
mass of 80 kDa. D and E, results of passive transfer of PV IgG preab- 
sorbed with rPX-His to a neonatal Balb/c mouse. Lack of any visible 
alteration of skin integrity in a pup injected intraperitoneally during 2 
days with the pass-through PV IgG fraction in a total dose of 40 mg/g 
body weight. Demonstration of the deposits of injected pass-through PV 
IgGs in the epidermis of this mouse by DIF (E). Scale bar, 50 >im. F and 
G, results of the passive transfer experiment using the pass-through PV 
IgG fraction that was supplemented with the immunoaffinity-purified 
anti-rPX-His IgG. An extensive blister with a loosely attached periph- 
eral skin (positive Nikolsky sign) in a neonate approximately 16 h after 
a single intraperitoneal injection of 20 mg/g PV IgG (F). The skin blister 
in this pup resulted from a typical PV-like suprabasilar acantholysis 
observed by hematoxylin and eosin examination of the perilesional skin 
(G). The fishnet-like deposits of injected IgG in the epidermis of this 
mouse were confirmed by DIF (not shown). Scale bar, 50 /xm. 



5E). These results indicated that, although absorption with 
rPX-His eliminates the acantholytic activity of PV serum, the 
anti-PX antibody alone is not sufficient to induce acantholysis 
and gross skin blisters in neonatal mice. Therefore, we hypoth- 
esized that, although anti-PX antibody is essential for acan- 
tholysis development, it is not the only one in the pool of 
disease-causing PV antibodies that are required to break the 
integrity of live epidermis. 

To test this hypothesis, we sought to determine if acantho- 



lytic activity of preabsorbed PV IgGs could be restored by 
adding back the adsorbed anti-PX antibody. As seen in Fig. 5 (F 
and G), the pups injected with the pass-through PV IgGs sup- 
plemented with anti-PX IgG eluted from the affinity column 
produced the PV phenotype that was indistinguishable from 
the epidermal acantholysis and gross skin blisters produced by 
non-adsorbed PV IgG (not shown). These results clearly indi- 
cated that, in addition to anti-PX antibody, the pool of disease- 
causing PV IgG contains autoantibodies to other keratinocyte 
self-antigens and suggested that a cumulative effect of anti- 
keratinocyte antibodies of different specificities is required to 
break up the integrity of live epidermis and induce skin 
blistering. 

DISCUSSION 

In this study we selected the PV IgG fraction that can both 
stain the epithelial substrates in the pemphigus-like pattern 
and induce acantholysis in keratinocyte monolayers to probe 
Agtll keratinocyte cDNA library for novel targets of disease- 
causing PV antibodies. The PV antibody immunoaffinity-puri- 
fied on a 75-kDa keratinocyte protein band identified a novel 
human annexin-like molecule, which we termed PX. Recombi- 
nant PX was produced and shown to bind specifically ACh and 
its nicotinic and muscarinic congeners. The obtained results 
indicate that PX may serve as a cell surface cholinergic recep- 
tor mediating a novel ACh signaling pathway involved in the 
physiological control of cell-to-cell adhesion and that autoim- 
munity to PX may lead to acantholysis. 

Pemphigus is an autoimmune disease with a complex patho- 
physiology. Both humoral (38) and cellular (39) effectors of 
autoimmune aggression against KC are involved in the patho- 
genesis of this disease, and it has been demonstrated that local 
activation of trypsin-like serine proteases, such as plasminogen 
activator (40), complement (41), eicosanoids (42), and proin- 
flammatory cytokines (29, 43), all can contribute to acantholy- 
sis. The precise mechanism leading to acantholysis in PV, 
however, is yet to be determined. It is currently held that an 
autoantibody to the 130-kDa adhesion molecule Dsg 3 causes 
pemphigus by disrupting directly the keratinocyte cell-to-cell 
bridges or desmosomes (44, 45). The intuitive notion that the 
disease of skin adhesion is caused by an antibody to the adhe- 
sion molecule, however, awaits its direct experimental confir- 
mation. Meanwhile, Kitajima et al. (46) demonstrated that 
desmosome formation induced by switching the incubation me- 
dium from a low to a high Ca 2+ content is not inhibited by the 
binding of PV IgG to the cell membrane of cultured KC. In 
agreement with this report, we could not detect any morpho- 
logical changes in the keratinocyte monolayers treated with the 
anti-130-kDa PV IgG for 16 h, whereas the acantholysis in cell 
monolayers usually develops within 12 h after addition of the 
whole PV IgG fraction (20, 29, 30). Fan et al (47) attempted to 
create an animal model of PV by immunizing four different 
strains of mice, Balb/c, DBA/1, SJIVJ, and HRS/J, with full- 
length Dsg 3 protein, recombinant extracellular portion of Dsg 
3, and the synthetic peptides spanning the entire Dsg 3. How- 
ever, they found no signs of pemphigus, oral or cutaneous, in 
any of the animals, despite relatively high, up to 1/2560, titer of 
circulating anti-Dsg 3 antibodies produced by immunized ani- 
mals. Furthermore, even after the immune sera were concen- 
trated 10-fold and inoculated into neonatal mice, the mice of 
only one strain, Balb/c, developed the lesion. These results 
demonstrated that, at the serum titers that are equivalent or 
exceeding those found in PV patients, the anti-Dsg 3 antibody 
is not sufficient to cause pemphigus symptoms. The supraphar- 
macological doses of this antibody, however, can physically 
interfere with cell-to-cell adhesion, as illustrated by the occur- 
rence of microscopic changes in the oral mucosa of immuno- 
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deficient Rag-2 knockout mice grafted with a spleen producing 
anti-Dsg 3 antibodies (48). Unfortunately, the interpretation of 
findings in mice with adoptively transferred anti-Dsg 3 anti- 
bodies in the study of Amagai et al. (48) is complicated by its 
rather controversial nature, which includes direct conflict with 
the existing data. For instance, according to Amagai et al. (48), 
lack of skin changes in Balb/c mice immunized with Dsg 3 is 
attributed to inability of this strain of mice to produce anti-Dsg 
3 antibody, whereas Fan et al. (47) achieved high anti-Dsg 3 
antibody titers in these animals, albeit without any mucocuta- 
neous signs of PV. Furthermore, Amagai et al (48) opine that, 
by analogy with the interpretation of the Dsg3 nul1 phenotype 
(18), a transient hair loss accompanied by transient micro- 
scopic alterations of keratinocyte adhesion in the oral cavity, 
which is all that can be observed in the recipient Rag-2-/- 
mice, should be interpreted as the PV phenotype. However, the 
following facts argue against this interpretation: 1) hair loss is 
not a sign of PV (1); 2) true PV is a disease severe enough to kill 
approximately 90% of patients, if left untreated (reviewed in 
Ref. 2); and 3) neither recipient Rag-2-/- mice nor Dsg3 nul1 
mice develop spontaneous skin blisters (5, 15, 18). Neverthe- 
less, the notion about the pathophysiological significance of 
Dsg 3 antibody in PV has been supported by the results of in 
vivo experiments in which pemphigus antibodies affinity-puri- 
fied on the rDsg3-Ig chimera induced gross skin blisters in 
neonatal mice (13, 14). Unfortunately, the profile of PV IgGs 
adsorbed by the rDsg3-Ig-i/£s baculoprotein has never been 
shown, leaving unresolved the purity and specificity of the 
antibodies used in the passive transfer experiments. Therefore, 
we had to characterize the antigenic reactivity of PV IgG ab- 
sorbed with rDsg3-Ig-/fis in our laboratory (19). We established 
that the antibodies adsorbed on rDsg3-Ig-/fts are directed to- 
ward several keratinocyte proteins, including an unknown 130- 
kDa self-antigen recognized in the Western blot of keratinocyte 
proteins of Dsg3 nul1 mice. 

To select the PV IgG fraction that most likely contains dis- 
ease-causing antibody, we screened PV IgG fractions eluted 
from different areas of the immunoblotting membrane for their 
ability to both: 1) stain epidermis in a fishnet-like, pemphigus 
pattern; and 2) produce acantholysis in keratinocyte monolay- 
ers. The anti-75-kDa band PV IgG met both criteria. Failure of 
the antibody eluted from the 130-kDa area of the immunoblot- 
ting membrane to fulfill both criteria was not surprising, be- 
cause in the past this antibody was selected for the cDNA 
screening experiments that identified Dsg 3 based on the first 
criteria only (9). In our study, anti-75-kDa band PV antibody 
caused acantholysis, which could be observed at 0.09 mM Ca 2+ 
in KGM. Although expression of Dsg 3 in KC requires prein- 
cubation of the cells at high, from 1.8 to 2.55 mM, extracellular 
Ca 2+ (9, 49, 50), we and other workers have previously dem- 
onstrated that binding of disease-causing PV IgGs to KC and 
acantholysis in cell monolayers both occur at as low as 0.1 mM 
Ca 2+ (20, 29). This fact suggests that, in addition to blocking 
the "adhesive sites" of desmosomal cadherins with anti-Dsg PV 
IgG, binding of pemphigus antibodies to KC initiates an intra- 
cellular signaling cascade that can lead to disassembly of other 
types of intercellular junctions comprised of classical cad- 
herins, such as tight junctions, adherence junctions, and gap 
junctions, all of which can mediate keratinocyte cell-to-cell 
adhesion at low Ca 2+ (51-53). 

Screening of the Agtll keratinocyte cDNA expression library 
with the acantholytic anti-75-kDa band PV antibody identified 
PX, a novel human annexin-like molecule. It appeared that two 
of 3 X 10 6 plaques labeled with PV IgGs carried cDNA encoding 
for the same previously unknown annexin-like molecule with 
the predicted molecular mass of the translated product of 38.3 



kDa. Sequence alignment with known annexins showed that 
PX shares the same amino acids in most of the conserved 
regions and is —40% similar to annexin-2. Annexin-2 may exist 
as a monomer, dimer, heterodimer, or heterotetramer in which 
two annexin-2 molecules combine with two smaller subunits, 
pll, that resemble the S-100 protein of the calmodulin family 
(54). Because the PV IgG immunoafTmity-purified on rPX-His 
labeled keratinocyte proteins with apparent molecular 
masses of 40 and 80 kDa, it can be postulated that PX forms 
homodimers. 

Annexins comprise a unique family of Ca 2+ - and phospholip- 
id-binding proteins encoded by some 20 different genes, which 
are ubiquitous among eukaryotic organisms, single-celled or- 
ganisms, and plants and animals (reviewed in Refs. 55, 56). 
Individual annexins have been described under the names 
anchorin, calcimedin, calelectrin, calpactin, calphobindin, chro- 
mobindin, endonexin, lipocortin, and synexin. Different annex- 
ins have been shown to: 1) participate in ligand-mediated cell 
signaling both directly, by forming Ca 2+ -sensitive, voltage- 
gated Ca 2+ channels, and indirectly, by generating membrane- 
derived second messengers; 2) mediate anti-inflammatory ac- 
tion of glucocorticosteroids via inhibition of phospholipase A^ 
3) regulate and directly mediate cell-to-cell adhesion; 4) medi- 
ate endo- and exocytosis; 5) inhibit blood coagulation; 6) regu- 
late Ca 2+ -dependent CI" conductance; and 7) participate in the 
processes of cell proliferation, apoptosis, and virus infection 
(reviewed in Refs. 37, 57-60). 

PX turned out to be a sixth protein of the annexin protein 
gene family identified in normal human skin to date. Annex- 
ins- 1, -2, -5, -6, and -7 have been demonstrated previously (61, 
62). Expression of annexins in epidermis is differentiation-de- 
pendent (63). Annexin- 1 immunoreactivity is found almost en- 
tirely around the perimeter of KC, especially tonofilament/ 
desmosome-rich prickle KC (61). It has been noted that raising 
intracellular Ca 2+ results in peripheral relocations of annex- 
ins-2, -4, -5, and -6 from the perinuclear areas (64). Annexin-2 
has been shown to be directly involved in regulation of cell 
adhesion and migration (65). The presence in PX of the con- 
served sites providing for Ca 2+ binding and for bundling of 
actin filaments suggests that PX, just like annexin-2, regulates 
assembly and maintenance of the cytoskeletal units. This actin 
polymerization is now believed to play a crucial role in epithe- 
lial ceU-to-cell adhesion, because disruption of this process in 
an animal model causes skin lesions indistinguishable from PV 
lesions (66). 

Although annexins lack a leader sequence (and do not pass 
the Golgi apparatus), they are found on the keratinocyte cell 
surface, where they can function as receptors. Extracellular 
annexins have been demonstrated to bind collagen, tenascin, 
and plasminogen activator (65, 67-70). Binding of tenascin-C 
to annexin-2 provokes three cellular responses: loss of adhe- 
sion, lateral migration, and enhanced cell division (71). Tena- 
scin expression is induced in pemphigus skin as well as in the 
skin of other blistering dermatoses (72). 

To characterize PX, we produced full-length recombinant 
protein using pQE-30 vector, which contained IPTG-inducible 
promoter transformed into the E. coli M-15 competent cells. 
Plasmid purified from this clone was analyzed by restriction 
enzyme analysis and sequencing. Both confirmed that the PX 
DNA insert was 100% correct. The rPX-His was affinity-puri- 
fied and used in standard receptor-ligand binding assays with 
the cholinergic radioligand [ 3 H]ACh. The analysis of the satu- 
rable binding of ( 3 H]ACh showed that PX can function as a low 
affinity cholinergic receptor on the cell membrane of KC. These 
results were expected, because choline, which itself serves as a 
pharmacological agonist of cholinergic receptors (73, 74), has 



Pemphaxin—New Annexin, Pemphigus Antigen, Cholinergic Receptor 



29475 



been shown to specifically bind to annexin- 1, -2, and -3 (35). 
Likewise, rPX-His could be specifically tagged with a covalent 
cholinergic radioligand [ 3 H]PrBCM, which was previously used 
by us to label keratinocyte membrane proteins immunoprecipi- 
tated by 85% of pemphigus patients (5). 

The results of pharmacological experiments demonstrated 
that rPX-His exhibited conformational structure, thus allowing 
specific binding of cholinergic ligands. Post-translational mod- 
ification is not required for ligand binding to single-unit ACh 
receptors, such as the muscarinic receptor (75, 76). However, 
the affinity of ACh binding by the wild-type PX, which can 
forms dimers, may be different from that shown by rPX-His in 
vitro j because the bacterial system in which it was expressed 
was not capable of post-translational modification, such as 
glycosylation, which is known to play an important role in 
ligand binding by multi-subunit ACh receptors such as the 
nicotinic receptor (77). Thus, PX can act as a novel keratinocyte 
cell surface receptor for the cytotransmitter ACh, synthesized 
and secreted by human KC in autocrine and paracrine fash- 
ions, and mediate known effects of ACh and cholinergic drugs 
on keratinocyte adhesion (reviewed in Refs. 21, 22). PX can also 
represent, at least in part, the putative keratinocyte choliner- 
gic receptors targeted by PV IgG (5, 20). 

The drugs that act at keratinocyte cholinergic receptors have 
been shown to alter cell motility and adhesion. Exposure of 
suspended KC to ACh results in attachment and spreading of 
the cells on the dish surface and development of intercellular 
contacts within 20-30 min, whereas non -stimulated cells ac- 
complish this process within 90-120 min. On the other hand, 
exposure of a confluent keratinocyte monolayer to pharmaco- 
logical antagonists of ACh leads to a characteristic acantholytic 
response. The cells retract their cytoplasmic projections, lose 
cell-to-cell attachments, detach from each other, and become 
round in shape and non-motile — characteristics that remark- 
ably resemble pemphigus acantholysis in vitro (20). We have 
previously reported that ACh and its muscarinic and nicotinic 
congeners can prevent and reverse acantholysis produced in 
keratinocyte cultures by PV IgG (20). A receptor/ligand type of 
interaction of disease-causing PV IgG, with its target being a 
keratinocyte cell membrane protein, was first proposed by Pa- 
tel et al. (78) based on the results of time-course study of the 
fate of the PV antibody/antigen complex. A direct evidence of 
activation of second messenger systems in response to PV IgG 
binding to KC have been obtained in the studies showing 
changes with phospholipase C, inositol 1,4,5-trisphosphate, 
transmembrane flux and intracellular levels of Ca 2+ , intracel- 
lular cAMP/cGMP ratios, and activity and intracellular loca- 
tion of protein kinase C (reviewed in Refs. 5, 79). Therefore, 
binding of anti-PX antibody to KC may lead to acantholysis by 
competing with the natural agonist ACh, thus interrupting 
physiological regulation of keratinocyte adhesion. In keeping 
with the notion that autoantibody-mediated ligation of PX on 
the cell membrane of KC can alter the cell adhesive function 
are the results showing that an antibody to annexin-2 inhibits 
cell-to-cell attachment (80). 

To determine the role of anti-PX antibody in pemphigus 
pathophysiology, we preabsorbed PV sera with rPX-His and 
tested acantholytic activities of both the PV IgGs depleted of 
anti-PX antibody and the PV IgG eluted from rPX-His. Neither 
IgG fraction could induce micro- or macroscopic mucocutaneous 
lesions in neonatal Balb/c mice. Addition of the adsorbed an- 
ti-PX PV IgG to the preabsorbed IgG fraction restored its 
acantholytic activity. These findings suggested that anti-PX 
antibody is one of the major contributors to skin blistering in 
PV patients. The fact that anti-PX PV antibody alone was 
sufficient to cause acantholysis in vitro (Fig. 1) but could not do 



so in vivo was not surprising. Obviously, the cell-to-cell adhe- 
sion of KC cultured at low Ca 2+ is less sophisticated than that 
taking place in live epidermis, with regard to a variety of 
adhesion molecules and control mechanisms, which include 
local anti-acantholytic factors such as interleukin-10 (30). 
Needless to say, the integrity of the epidermal barrier in higher 
species relies on more than a single molecule. For example, 
inactivation of an adhesion molecule such as Dsg 3 does not 
lead to skin blisters and is well compatible with the normal life 
span of Dsg3 nul1 mice (5, 18), whereas a loss of immunological 
tolerance to keratinocyte self-antigens in PV is potentially le- 
thal in 90% of patients (reviewed in Ref. 2). Therefore, to 
explain clinical and immunological correlations in PV, we pro- 
pose a "multi-hit" hypothesis, which postulates that acanthol- 
ysis in PV results from simultaneous and cumulative effects of 
autoantibodies directed toward different keratinocyte self-an- 
tigens, including the "structural" antigens, such as desmo- 
somal cadherins, and "functional" antigens, such as cell surface 
receptors regulating function of the adhesion and cytoskeletal 
units. 

The rationale behind our emphasis on the importance of 
"functional" targets of PV autoimmunity stems from recent 
discoveries of the genetic defects that underlie certain skin 
diseases. For instance, patients with genetic defects of the 
adhesion molecules Dsgl and desmoplakin develop neither 
macroscopic nor light- or electron-microscopic alterations of 
keratinocyte cell-to-cell adhesion but produce instead a pal- 
moplanar keratoderma, represented by linear and focal hy- 
perkeratosis on palms and soles (81-83). In marked contrast, 
mtra-epidermal split and PV-like skin lesions in patients 
with keratosis follicularis, or Darier-White disease, and pa- 
tients with benign familial pemphigus, or Hailey-Hailey dis- 
ease, result from a mutation in the genes coding for Ca 2+ 
pumps, the ATP2A2 and ATP2C1, respectively (84, 85). Cal- 
cium metabolism in the epidermis of PV patients may also be 
altered. We have recently found that PV patients develop 
autoantibodies to the novel human a9 ACh receptor subunit 
that comprises ACh-gated Ca 2+ channels on the cell mem- 
brane of human KC (19). 

In summary, in this study we identified PX, a novel annexin- 
like molecule, which can function as a keratinocyte cholinergic 
receptor mediating biological effects of ACh on KC, including 
regulation of cell-to-ceU adhesion. PX is targeted by PV auto- 
immunity and may represent one of the major targets for 
acantholytic autoantibodies. Further studies should be directed 
to elucidate the biochemical mechanisms by which the anti-PX 
antibody alters keratinocyte adhesion in vitro and the biologi- 
cal effect(s) caused by cholinergic ligand binding to PX. Fur- 
thermore, because annexins are well known mediators of anti- 
inflammatory effects of glucocorticosteroids in the skin (86), 
and because glucocorticosteroids can directly protect KC from 
the acantholytic effect of PV IgG in vitro (87), it will be impor- 
tant to elucidate possible relationships between the effects of 
glucocorticosteroids on PX and keratinocyte adhesion. Such an 
association may lead toward development of non-hormonal 
treatment of PV, because cholinergic drugs that, just like glu- 
cocorticosteroids, exhibit direct anti-acantholytic activity (20) 
may do so by competing with PV IgG for binding to PX on the 
cell membrane of KC. 
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Abstract. We have previously shown that an active 
epidermal growth fector receptor (EGF-R) kinase is 
necessary for efficient sorting of the EGF-R to the ly- 
sosome, and we have shown that this occurs in the 
multivesicular body (MVB), where EGF-R are sorted 
away from recycling receptors by being removed to the 
internal vesicles of the MVB. The aim of the present 
study was to identify substrates of the EGF-R kinase 
associated with MVBs which might play a role in this 
sorting process. We used a density shift technique to 
isolate MVBs and show that the major substrates phos- 
phorylated in vitro within MVBs which contain an ac- 
tive EGF-R kinase are the EGF-R itself and annexin I. 
Annexin I is associated with both plasma membrane 



and MVBs in a calcium-independent maimer but can 
be phosphorylated in vitro only in MVBs. Phosphor- 
ylation of calcium-independent annexin I in isolated 
MVBs converts it to a form that requires calcium for 
membrane association. In cells with an active EGF-R 
kinase the amount of calcium-independent annexin I in 
MVBs is reduced, suggesting that a phosphorylation- 
induced conversion of the calcium independent to the 
calcium-dependent form also occurs in vivo. Our ob- 
servations, together with the known properties of an- 
nexin I in mediating membrane fusion, suggest that in- 
ward vesiculation in MVBs is induced by the EGF^R 
and is mediated by phosphorylated annexin L 



When EGF binds to its receptor the intrinsic tyro- 
sine kinase of the receptor is activated, resulting in 
phosphorylation of the receptor itself and various 
other proteins (Ushiro and Cohen, 1980). During this time 
the EGF-EGF-receptor (EGF-R) 1 complex is rapidly inter- 
nalized and processed within the endocytic pathway where 
it becomes degraded (Carpenter and Cohen, 1976). A mu- 
tant EGF-R lacking an active kinase is internalized in re- 
sponse to EGF at the same rate as the wild type EGF-R but 
the kinase-negative EGF-R is not efficiently degraded and a 
significant proportion of the mutant EGF-R recycle to the 
cell surfece (Honegger et al. , 1987; Felder et al. , 1990). By 
EM we have shown that saturating concentrations of EGF 
stimulate internalization of both wild type and kinase nega- 
tive EGF-R to multivesicular bodies but within this compart- 
ment they have distinctly different distributions (Felder et 
al. , 1990). Since only wild type EGF-R are efficiently trans- 
ferred to the internal vesicles of the multivesicular body 
(MVB) we have proposed that removal of EGF-R from the 
perimeter membrane of the endocytic pathway allows them 
to be degraded. 

While it is possible that the activated EGF-R kinase initi- 
ates a series of events in the plasma membrane which results 
in sorting at the level f the MVB it is also possible that the 



1. Abbreviations used in this paper. EGF-R, epidermal growth factor recep- 
tor; MVB, multivesicular body. 



EGF-R kinase is active in the endosome where it triggers the 
events that lead to its degradation. The aim of the present 
study was to determine whether there are substrates of the 
EGF-R kinase specifically associated with MVBs. We have 
adapted a previously described density shift protocol (Futter 
and Hopkins, 1989) to isolate highly purified MVBs con- 
taining EGF-R and show that the major substrates of the 
EGF-R kinase in MVBs are the EGF-R itself and annexin I. 
Since annexin I is a protein which interacts with membranes 
and actin-containing cytoskeletal elements (Glenney et al., 
1987) and can promote phospholipid vesicle fusion in vitro 
(Ernst et al. , 1990), it could regulate the production of inter- 
nal vesicles within MVBs. 

Materials and Methods 
Cell Lines 

NIH 3T3 cells, strain 2.2, transacted with pla&mid bearing either me full- 
length cDNA for the human EGF-R (HER14 cells), or the cDNA encoding 
the human EGF-R with lysine 721 replaced with alanine (K721A cells), and 
each expressing roughly 4OQ000 receptors per cell, were used (Honegger 
et al. , 1987). Cells were maintained in DME supplemented with 10% PCS 
at 37°C in a 5% CO2 atmosphere. 

Colloidal Gold Complexes 

Gold particles (10 nm) were prepared using the tannic acid method of Slot 
and Geuze, 0985), and were stabilized with the mAb 108, according to 



C The Rockefeller University Press, 0021-9525/93/01/77/7 S2.00 
The Journal of Cell Biology, Volume 120, Number 1, January 1993 77-83 



77 



standard procedures (DeMey, 1986). The complexes were stared in QjQ2% 
aride at 4°C, and were washed by centriiugation in an airfuge (Bcckman 
Instruments, Palo Alto, CA) at 150jDOO£ for 5 min immediately before use. 

Iodination 

EGF (mouse EOF; Sigma Chemical Co. , Poole, UK) was iodinated accord- 
ing to the method of Hunter and Greenwcxxia961)aiidr«otem Awasiodi- 
nated using iodobeads (Pierce, Chester, UK). 

Incubation Procedures 

All incubations were performed in DME containing 20 mM Hepes, pH 7.4, 
2 mg/ml BSA. EGF was used at a concentration of 20 nM. 108-gold was 
used at a concentration that gave OUm of 0.3-04. Incubations were per- 
formed at 37°C unless otherwise indicated and for the times indicated in 
Results. Where the proportion of cell-associated 123 I-EGF mat was plasma 
membrane bound was to be determined^ ceils were incubated in acetic acid- 
saline, pH 2.5, for 5 min at 4°C to remove plasma membrane-bound EGF, 
before digestion of the cells in 5 M NaOH. 

Subcellular Fractionation Procedure 

Cells were washed three times at 4°C with lysis buffer 00 mM triethanola- 
mine, pH 7.4, 0.25 M sucrose, 1 mM EDTA, 200 /*M orthovanadate, 1 mM 
PMSF). Cells were scraped off the dish in the minimum volume of lysis 
buffer and lysed by eight strokes through a 21 g needle. Unbroken cells and 
nude* i were removed by ccntriiuganonat800^for5mmat4 o CT^ 
ingpostnuclearsuperTiata^ sucrose gra- 

dient, containing biethanolamine, EDTA, orthovanadate, and PMSF at the 
same concentrations and pH as the lysis buffer. Gradients were then cen- 
trifuged in a Beckman SW40 rotor at 200y000$for 15h«4°CmaBeckman 
L70 ultracentriruge. Gradients were fractionated from the bottom into 15 
x 0.9-ml fractions. 

EM 

Cells and fractions were fixed in dilute Karncvsky fixative, postfixed in os- 
mium tetroxide, and emb e dd e d and sectioned so that the full thickness of 
the pellet could be examined. Sections were stained in aqueous uranyl ace- 
tate and lead citrate and examined in a CM12 Philips electron microscope. 

SDS-PAGE and Western Blotting 

SDS-WiQE was performed under reducing conditions. Proteins on 
SDS-polacrylamide gels were dectrophoretically transferred to nitrocellu- 
lose for 16 h in a transfer apparatus (Bio-Rad Laboratories, Cambridge, 
MA) at a constant current of 100 mA . After incubation with either rabbit 
anti-EGF-R antiserum, RK2 (Kris et al., 1985), rabbit anO-phosnhotyro- 
sine antiserum, or rabbit anti-annexin I antiserum (a gift from S. Moss, 
University College, London), blots were washed and incubated in l25 I- 
protein A. Blots were analyzed by autoradiography and, where quantitation 
was performed, radioactive bands were excised, and counted. 

In Vitro Phosphorylation Studies 

Cell tractions were lesuspended in 20 mM Hepes, pH 7.4, 150mMNaCl. 
Fractions were incubated for 15 min at 4°C in the presence of 5 mM 
MnCl 2 , 20 fiM orthovanadate, and fr-^PjATP (5 /iM). Reactions were 
stopped by the addition of 10% TCA, and TCA precipitates were examined 
by SDS-PAGE. 

lb examine the effects of phosphorylation on calcium dependence of 
membrane association of MVB proteins, phosphorylation reactions were 
performed as above. MVBs were then washed twice with 20 mM Hepes, 
pH 7.4, 150 mM NaCl, 200 orthovanadate, containing either L5 mM 
EDIA or 1.5 mM CaCl 2> by ccntrifugation in a Beckman TU00.4 rotor at 
200000 g for 1 b at 4°C in a Beckman TLX ultraceotrifuge, and the pellets 
were examined by SDS-R\GE. 

Annexin I Immunoprecipitathn 

lb identify annexin I, in vitro phosphorylation assays were carried out as 
above, but were stopped by the addition of NDET (10 mM Iris, pH 7.4, 
1% NIMO, 0.4% deoxycholate, 66 mM EDTA), containing l mM PMSF, 
200 fM orthovanadate and 0.2% SDS. Samples were clarified by centrifugal 
tion (14,000 $ for 5 min), and were then incubated with a rabbit polyclonal 



antibody against annexin I. Antibooybound proteins were i 
tated using Staphylococcus o«7e«i t and the washed immuno 
analyzed by SDS-PAGE. 



Results 

Isolation of Highly Purified 

Endosomes by Density-shift Using EGF-R 

Antibody-Gold Complexes 

We have previously shown in H.Ep.2 cells that antibody to 
the transferrin receptor complexed to colloidal gold can be 
used to modify the density of endocytic compartments in- 
volved in the processing of the EGF-receptor complex, so 
that they can be purified by sucrose density ccntrifugation 
(Futter and Hopkins, 1989). In the present study we ex- 
tended this technique to NIH-3T3 cells transfected with ei- 
ther the wild type human EGF receptor or a human EGF 
receptor with a point mutation in the putative ATP binding 
site, rendering the receptor kinase negative (Honegger et al , 
1987). lb isolate endocytic compartments containing EGF-R 
by density shift we employed a mAb (108) to EGF^R com- 
plexed to colloidal gold. The 108 antibody binds to the 
external domain of the EGF^R and has been shown, when 
saturating EGF concentrations are used, not to stimulate in- 
ternalization or kinase activity of the EGF-R, or to interfere 
with EGF binding (Bellot et al. , 1990). To induce a sufficient 
increase in density of endocytic compartments containing 
108-gold, it was necessary to stimulate cells with saturating 
concentrations of EGF. Under these conditions both the ki- 
nase positive and negative EGF-R are internalized at similar 
rates (Felder et al., 1990). Our previous studies using gold 
complexes to density shift endocytic compartments showed 
that gold-loaded endosomes will pellet through 52 % sucrose 
whereas gold-loaded plasma membranes will not (Futter and 
Hopkins, 1989). To begin we established the rate of EGF-R 
internalization by following l25 I-EGF uptake, and showed 
that >70% was internalized within 20 min of EGF stimula- 
tion (Fig. 1 a). 

Fig. 1 b shows the recovery of EGF and EGF-R in the pel- 
let after sucrose density gradient fractionation of cells after 
similar stimulation with EGF. Recovery of EGF-R was as- 
sessed by Western blotting with anti-EGF-R antibody. The 
increase in recovery of EGF and EGF-R in the pellet with 
increasing lengths of incubation after EGF stimulation 
showed similar kinetics to that of EGF-stimulated internali- 
zation, showing that endocytic compartments rather than 
plasma membrane pellet under the fractionation conditions 
used. 

Examination of the endosome pellet isolated by fraction- 
ation of 108-gold-loaded cells expressing the wild type 
EGF-R 20 min after EGF stimulation showed that all mem- 
branous elements labeled with gold were endosomal, many 
of which were clearly identifiable as MVBs (Fig. 2 a). Quan- 
titation of the number of vesicles which contained gold by 
counting random sections showed that 34% of vesicle 
profiles found in the pellet contained gold. Vesicle profiles 
which lacked gold presumably contained gold particles in 
another section plane. Electron microscopic examination of 
the pellet from cells expressing the kinase negative EGF-R 
showed that 14% of the vesicle profiles contained gold. This 
lower figure compared to the wild type fraction is consistent 
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figure L (a) Cells expressing wild type EGF-R were stimulated 
with ,Z5 I-EGF for the indicated times. The percent of total cell- 
associated EGF that had been internalized was determined by acid 
stripping, (b) Cells expressing wild type EGF-R were incubated 
with 108-gold for 30 min and were then stimulated with ,25 I-EGF 
for the indicated times. Cells were lysed and fractionated. The per- 
cent of postnuclear supernatant I2J I-EGF (a) and EGF-R (■) that 
was recovered in the pellet after sucrose density gradient fractiona- 
tion was determined. Quantitation of the EGF-R was performed by 
blotting gradient tractions with anti -EGF-R antibody. Iodinated 
protein A and autoradiography were used to visualize bands, which 
were excised and counted. 



with observations on intact cells (Felder et al., 1990) which 
have shown that there is significantly less EGF-R in the MVB 
compartment of kinase negative cells. It should be noted 
nevertheless that the majority of gold-loaded elements in the 
pellets from the kinase negative cells are MVBs (Fig. 2 b). 
Presumably the other gold-containing elements of the endo- 
cytic pathway were too buoyant to pellet. Previous studies 
have shown, through measurement of marker enzyme activi- 
ties and by EM, that in a number of different cell lin s nonen- 
dosomal organelles do not pellet under the fractionation con- 
ditions used (Beardmore et al., 1988; Futter et al., 1989; 
Beaumelle and Hopkins, 1990). However amorphous mate- 



Figmr 2. Cells expressing either wild type (a) or kinase negative 
(b) EGF-R were incubated with 108-gold for 30 min, and were men 
stimulated with EGF for 20 min. Cells were then lysed and frac- 
tionated, and the pellet after sucrose gradient fractionation was 
processed for microscopy. All membranous elements that contain 
gold are endosomal, many of which are MVBs. Amorphous mate- 
rial, presumably of cytoskeletal nature, consistently pellets with 
endosome fractions. Bar, 0.5 jun. 



rial, presumably a component of the cytoskeleton, consis- 
tently pellets with endosome fractions. 

The Fate of the Plasma Membrane during Density 
Shift Separation of Gold-loaded Endosomes 

When cells were stimulated with EGF for 1 min after pre- 
incubation with 108-gold (when the majority of EGF-R are 
plasma membrane associated), the density of the plasma 
membrane fraction was increased. Thus, in the absence of 
108-gold binding, plasma membrane was found in a peak in 
fractions 8-12 (Fig. 3 a) while binding of 108-gold to the 
plasma membrane caused a shift to fraction 6 (Fig. 3 b). Af- 
ter stimulation of cells with EGF for one minute EGF-R was 
still found in fraction 6 (Fig. 3 c). EM of this fraction showed 
that it was composed of large vesicle profiles bearing EGF- 
R-gold particles on their outer surfaces (results not shown), 
in contrast to MVBs where the gold particles were found 
only on the inner surfaces of the perimeter membrane. 

Substrates Phosphorylated in Endosomes and 
Plasma Membrane Isolated from Cells Expressing 
Wild type EGF-R Kinase 

To determine whether proteins are phosphorylated in MVBs 
as a result of activation of the EGF-R kinase, phosphoryla- 
tion was examined in endosomes isolated from NIH 3T3 
cells expressing either the wild type or the kinase negative 
EGF-R. Endosomes were isolated 20 min after EGF stimu- 
lation when the majority of both kinase negative and wild 
type EGF-R are in MVBs (Felder et al. , 1990) and the den- 
sity shifted fractions are composed primarily of MVBs (Fig. 
2). When MVBs isolated from NIH 3T3 cells expressing th 
wild type EGF-R were incubated with [y~ 32 P]ATP in vitro 
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two major phosphorylated substrates were detected, the 
EGF-R itself and a protein of approximately 35 kD (Fig. 4 
a). The 35-kD protein could be immunoprecipitated with 
anti-annexin I antibody (Fig. 4 b). 

To determine whether annexin I is phosphorylated in 
plasma membrane fractions in addition to MVBs, plasma 
membrane fractions were isolated from cells stimulated with 
EGF for one minute. When these fractions were incubated 
with [y-^PJATP in vitro several substrates were phos- 
phorylated including the EGF-R (Fig. 4 a), but immunopre- 
cipitation with annexin I antibody showed they did not in- 
clude annexin I (Fig. 4 b). 

MVB and plasma membrane fractions from cells express- 
ing the kinase negative EGF-R, used as a control, showed 
that neither the EGF-R nor the 35-kD protein were phos- 
phorylated (Fig. 4, a and b). 

To confirm that the phosphorylation of annexin I in the 
MVB was due to the presence of an active EGF-R kinase we 
carried out a parallel study using H.Ep.2 cells in which we 
have shown previously that EGF-R containing MVBs can be 
isolated by density shift when loaded with anti-transferrin 
receptor-gold complexes and stimulated with EGF (Futter 
and Hopkins, 1989). Western blotting the isolated MVBs 
showed that EGF stimulation of transferrin receptor-gold- 
loaded cells resulted in a fivefold increase in the amount of 
EGF-R that co-localized with transferrin receptor in MVBs 
(results not shown). In vitro phosphorylation assays showed 
that a number of proteins became phosphorylated in MVBs 
isolated from H.Ep.2 cells, but only in MVBs that contained 
an active EGF-R kinase did the EGF-R and a 35-kD protein 
become phosphorylated (Fig. 5 a). Immunoprecipitation 
confirmed this protein was annexin I (Fig. 5 b). 

We conclude that annexin I is present in isolated MVBs 
and that it can be phosphorylated in vitro in the presence of 
an active EGF-R kinase. 

Phosphorylation and the Calcium 
Dependence of Annexin I Binding to MVBs 
and Plasma Membrane 

Annexin I has been isolated as an EDTA eluate of mem- 
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Figure 3. Cells expressing 
wild type EGF-R were incu- 
bated with no gold (a), 108- 
gold for 30 min (b), or 108- 
gold for 30 min, followed by 
stimulatio n with EGF for 1 min 
(c). Cells were lysed and frac- 
tionated and gradient fractions 
were analyzed by Western blot- 
ting with anti-EGF-R antibody. 
Iodinated protein A and auto- 
radiography were used to vi- 
sualize bands, which were ex- 
cised and counted. 
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Figure 4. NIH 3T3 cells expressing either the wild type (+) or the 
kinase negative (-) EGF-R were incubated with 108-gold for 30 
mm. Cells were then stimulated with EGF for 1 min to isolate a 
plasma membrane fraction (PM) or for 20 min to isolate an MVB 
fraction (MVB). Cells were then iysed and fractionated. The PM 
fraction was taken from fraction 6 and the MVB fraction was taken 
from the pellet after sucrose gradient fractionation. In vitro phos- 
phorylation reactions were performed on the isolated fractions as 
described in Materials and Methods. Either the whole fraction (a) 
or an anti-annexin I immunoprecipitation of the fraction (b) were 
analyzed by SDS-PAGE on a 10 % gel. The EGF-R is present in anti- 
annexin I lmmunoprecipitations because the fractions contain anti- 
EGF-R gold, but in control immunoprecipitations that do not in- 
clude anti-annexin I antibody, annexin I is not immunoprecipitated 
Gel loadings with respect to the EGF-R are 1:2:1:1.4 for -PM* 
+PM: -MVB: +MVB. 



branes and shown to associate with phospholipids in a cal- 
cium dependent manner (Glenney et al., 1987). Haigler et 
al., (1987) have shown that in addition to the calcium- 
dependent form there is a form of annexin I in human 
placenta which associates with membranes independently of 
calcium and can be phosphorylated by the EGF-R kinase. 
Phosphorylation of this form of annexin I converts the pro- 
tein into a form that associates with membranes only in the 
presence of calcium. The MVBs used in the present study 
are isolated in the presence of EDTA and so the annexin I 
that is phosphorylated in vitro must remain associated with 
membranes in the absence of calcium. In order to determine 
the effect of phosphorylation on the calcium dependence of 
annexin I in MVBs, isolated fractions were incubated with 
[y-^PJATP and then washed two times in lysis buffer con- 
taining either 1.5 mM EDTA or 1.5 mM Ca 2 \ Th mem- 
brane pellet was examined by SDS-PAGE. After washing in 
EDTA phosphorylated annexin I was no longer associated 
with the MVB pellet. However in the presence of calcium the 
protein remained associated with MVBs (Fig. 6). 
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figure 5. H.Ep.2 cells were 
incubated with B3/25 (anti- 
transferrin receptor)-gold for 
60 min and were then incu- 
bated in the presence (+) or 
absence (-) of EGF for 20 min 
(in the continued presence of 
B3/25-gold). Cells were then 
lysed and fractionated. In vitro 
phosphorylation reactions were 
performed on the MVB frac- 
tions as described in Materials 
and Methods. Either the whole 
fraction (a) or an anti-annexin 
I immunoprecipitation of the 
fraction (b) were analyzed by 
SDS-PAGE on a 10% gel. 



The Influence of EGF-R Kinase on the 
Amount ofAnnexin I Associated with Plasma 
Membrane and MVBs 

To determine whether an active EGF-R kinase is necessary 
for association of annexin I with MVBs isolated MVBs were 
Western blotted with anti-annexin I antibody and the amount 
of annexin I relative to EGF-R was quantitated. Annexin I 
was present in MVB fractions from cells expressing the wild 
type EGF-R and also those expressing the kinase negative 
EGF-R. However MVBs from NIH 3T3 cells containing 
wild type EGF-R had three- to fourfold less annexin I (rela- 
tive to EGF-R) than kinase negative MVBs (Fig. 7). Simi- 
larly annexin I was present in MVBs from H.Ep.2 cells iso- 
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Figure 6, NIH 3T3 cells ex- 
pressing wild type EGF-R were 
incubated with 108-gold for 30 
min and were then stimulated 
with EGF for 20 min. Cells 
were then lysed and frac- 
tionated. In vitro phosphor- 
ylation reactions were per- 
formed on the MVB fractions 
as described in Materials and 
Methods. MVBs were then 
washed in the presence of 
EDTA (ED2A) or calcium (Ca). 
Washed pellets were analyzed 
by SDS-PAGE on a 10% gel. 




Figure 7. (a) NIH 3T3 cells 
expressing wild type (+) or 
kinase negative (-) EGF-R 
were incubated with 108 gold 
for 30 min. Cells were then 
stimulated with EGF for 1 min 
and a plasma membrane frac- 
tion isolated (PM) or for 20 
i , mm and an MVB fraction iso- 

lated (MVB). Fractions were Western blotted with anti-EGF-R an- 
tibody and anti-annexin-I antibody. Iodinated protein A and 
autoradiography were used to visualize bands, which were excised 
and counted. The amount of annexin I (relative to the EGF-R) in 
fractions from wild type cells is expressed as a % of that in the cor- 
responding fractions from kinase negative cells. Results are mean 
± SEM of four observations. 



lated using transferrin receptor gold with or without prior 
EGF stimulation, but MVBs containing an active EGF^R ki- 
nase contained approximately twofold less annexin I (rela- 
tive to transferrin receptor) than MVBs lacking an active 
EGF-R kinase (results not shown). We conclude therefore 
that an active EGF-R kinase is not necessary for association 
of annexin I with MVBs. In addition, the reduction in the 
amount of calcium-independent annexin I in MVBs contain- 
ing an active EGF-R kinase is consistent with die phosphory- 
lation of annexin I in vivo, as we have shown phosphorylation 
of annexin I in vitro to cause its release from MVBs in the 
presence of calcium chelator. To confirm, as our in vitro 
results would suggest, that the loss of calcium-independent 
annexin I through phosphorylation occurs in MVBs rather 
than on the plasma membrane, the amount of annexin I as- 
sociated with plasma membrane fractions containing wild 
type and those containing kinase negative EGF-R was com- 
pared. Plasma membrane fractions containing wild type 
EGF-R and those containing kinase negative EGF-R con- 
tained similar levels of annexin I relative to EGF-R (Fig. 7), 
suggesting that the release of calcium independent annexin 
I through phosphorylation does not occur on the plasma 
membrane. 

Discussion 

We have shown in previous studies that an active EGF-R ki- 
nase is necessary for lysosomal sorting (Honegger et aL, 
1987; Felder et al., 1990). Other investigators have also 
shown a reduction in EGF-stimulated degradation of EGF in 
cells expressing a kinase negative EGF-R but they have con- 
cluded that this is due to a reduced internalization rate, 
rather than to defective lysosomal sorting (Glenney et al 
1988; Chen et al., 1989; Wiley et al., 1991). Most recently 
Felder et al. 0992) obtained data to suggest that the role of 
the EGF-R kinase in internalization concerns primarily high 
affinity EGF-R. At the saturating concentrations of EGF 
used in the present study our previous biochemical and mor- 
phological studies (Felder et al., 1990) clearly show that 
there is a similar rate of internalization of both the wild type 
and the kinase negative EGF-R and it is in the MVB that the 
pathways of the wild type and kinase negative EGF-R di- 
verge. A recent study of another growth factor receptor ki- 
nase, the receptor for colony stimulating factor 1, has shown 
that an active kinase is not necessary for internalization but 
is a requirement for lysosomal sorting (Carlberg et al., 
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The requirement for an active EGF-R kinase for efficient 
degradation indicates that either the EGF-R must be auto- 
phosphorylated to be efficiently targeted to lysosomes, or the 
kinase phosphorylates a substrate necessary for lysosomal 
targeting. When kinase positive and kinase negative EGF-R 
are expressed in the same cell, heterodimers form in re- 
sponse to EGF and the kinase negative EGF-R becomes 
tyrosine phosphorylated (Honegger et al., 1990). However, 
in this system kinase negative EGF-R are still predominantly 
recycled. It is therefore likely that phosphorylation of a sub- 
strate accessible only in the MVB is necessary for degrada- 
tion. This would require the EGF-R kinase to be active in 
die MVB. There is considerable evidence that the EGF-R ki- 
nase is active in the endosome. Autophosphory lation activity 
of the EGF-R kinase has been demonstrated in vitro in endo- 
some fractions from A431 cells (Cohen and Fava, 1985) and 
rat liver (Kay et al., 1986; Lai et al., 1989). We and others 
(Carpentier et al., 1987; Nesterov et al., 1990) have shown 
that EGF stimulation results in prolonged autophosphory la- 
tion of the EGF-R, suggesting that the EGF-R kinase is still 
active after internalization in vivo. Wada et al. (1992) have 
shown that the EGF-R kinase is more highly phosphorylated 
in the endosome than on die plasma membrane. Moreover 
the internalized EGF-R kinase can phosphorylate a synthetic 
substrate introduced into permeabilized cells (Nesterov et 
al., 1990). 

In this study we searched for substrates of the EGF-R ki- 
nase associated with MVBs. Western blotting isolated 
MVBs with anti-phosphotyrosine antibody foiled to reveal 
any major substrates of the EGF-R kinase apart from the 
EGF-R itself. However, when highly purified MVBs con- 
taining the wild type EGF-R are incubated with [y- 32 P]ATP 
the major proteins phosphorylated are die EGF-R itself and 
annexin I. Neither proteins are phosphorylated in MVBs 
containing the kinase negative EGF-R. Similarly when 
MVBs from H.Ep.2 cells are isolated using transferrin 
receptor gold in the presence or absence of EGF, only in en- 
dosomes isolated from cells that have been stimulated with 
EGF does annexin I become phosphorylated. In contrast, 
annexin I is not phosphorylated in plasma membrane frac- 
tions whether or not an active EGF-R kinase is present. We 
have demonstrated therefore that in the presence of an active 
EGF-R kinase annexin I can be phosphorylated in MVBs, 
but not plasma membrane, in vitro. It is likely that annexin 
I is phosphorylated directly by the EGF-R kinase, rather than 
through activation of an intermediate kinase, as annexin I is 
efficiently phosphorylated by purified EGF-R kinase (De et 
al., 1986; Huang et al., 1986) and there is no evidence of 
an intermediate substrate in the MVB preparations. 

Our in vitro results are consistent with die kinetics of 
phosphorylation of annexin I in vivo. Sawyer and Cohen 
0985) showed that annexin I is not phosphorylated until the 
majority of EGF-R have been internalized and suggested that 
annexin is phosphorylated by the endosomal EGF-R kinase. 
Cohen and Fava (1985) showed that purified annexin I added 
to a partially purified intracellular vesicle fraction could be 
phosphorylated by the EGF-R kinase, and that this reaction 
was dependent upon the presence of calcium. In the present 
study we show an association of endogenous annexin I with 
endo somes that is independent of calcium but this form of 
annexin I can be phosphorylated by the EGF-R kinase and 
upon phosphorylation requires calcium for membrane as- 



sociation. This is in agreement with the studies of Haigler 
et al. (1987) who showed that phosphorylation of the 
calcium-independent form of annexin I in human placental 
membranes converts it into a form that requires calcium for 
membrane association. The nature of the calcium-indepen- 
dent interaction of annexin I with membranes is unknown but 
we have shown here that th association is independent of the 
density of EGF-R within the membrane. The interaction 
therefore presumably does not involve a direct interaction 
with the EGF-R such has been described for the EGF-R ki- 
nase substrates, Phospholipase C y (Miesenhelder et al., 
1989), GAP (Bouton et al., 1991), Raf-1 (App et al., 1991), 
and Vav (Bustelo et al., 1992; Margolis et al., 1992) which 
interact with EGF-R via SH2 domains. Quantitation of the 
total amount of annexin I in plasma membrane and MVB 
fractions has shown that the presence or absence of an active 
EGF-R kinase has little effect on the amount of annexin I in 
plasma membrane fractions but the presence of an active 
EGF-R kinase causes a reduction in the amount of annexin 
I in MVB fractions. These results are consistent with an- 
nexin I being phosphorylated in MVBs and thus converted 
to a form that is eluted during fractionation in the presence 
of calcium chelator. 

Wada et al. (1992) in a study of phosphoproteins as- 
sociated with endosomes of rat liver did not report annexin 
I associated with endosomes. Wada et al. (1992) did however 
detect a 55-kD phosphoprotein associated with endosomes. 
We were not able to detect this substrate in either NIH 3T3 
or H.Ep.2 cells, either after in vitro phosphorylation or by 
Western blotting isolated fractions with anti-phosphotyro- 
sine antibody (results not shown). These differences may 
arise because different stages of processing of the EGF-R 
were examined. Wada et al. (1992) studied endosomes iso- 
lated a maximum of 15 min after EGF stimulation. At this 
time point the authors were unable to demonstrate sequestra- 
tion of EGF-R within intra-luminal vesicles in the liver. That 
sequestration of EGF-R in intra-luminal vesicles does occur 
in the liver has been shown by Renfew and Hubbard (1992). 
In agreement with our proposal the latter authors suggest that 
movement of EGF-R from the limiting membrane of endo- 
somes to the lumen of lysosomes permits degradation of the 
EGF-R. Wada et al. (1992) may thus have been e xamining 
early events in the processing of the EGF-R, before removal 
of EGF-R from the limiting membrane. 

Thus we have shown that annexin I is associated with 
plasma membrane and MVBs in a calcium-independent 
manner and can be phosphorylated in vitro in the presence 
of an active EGF-R kinase in MVBs, but not in plasma mem- 
brane. Phosphorylation of the calcium-independent form of 
annexin I converts it into a form that requires calcium for 
membrane association. MVBs, but not plasma membrane, 
containing an active EGF-R kinase contain less calcium- 
independent annexin I than those that do not contain an ac- 
tive EGFiR kinase. We believe therefore that calcium- 
independent annexin I is phosphorylated in vivo in MVBs 
whereupon it is released during fractionation in the presence 
of calcium chelator. 

The requirement for the EGF-R kinase to be active for 
transfer to the inner vesicles of MVBs (Felder et al. , 1990), 
together with the demonstration here that annexin I is a ma- 
jor phosphorylated substrate in MVBs, suggest that annexin 
I may play a role in mediating inward vesiculation. Mem- 
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branc invagination to form free vesicles is a well-established 
process at other membrane boundaries but it is important to 
note that in these situations the evaginating face of the mem- 
brane is cytoplasmic. In contrast, during inward vesiculation 
in MVBs the evaginating face of the membrane is luminal. 
Annexin I has been shown to mediate vesicle aggregation and 
a model has been proposed whereby annexin molecules bind 
to phospholipid vesicles and fusion between neighboring 
membranes is mediated by interaction of annexin molecules 
(Blackwood and Ernst, 1990; Ernst et al., 1991). In the 
MVB interaction of neighbouring molecules of annexin I on 
the perimeter membrane may have a role in driving inward 
vesiculation. Release of annexin I through phosphorylation 
may then be required for the inward release of vesicles from 
the perimeter membrane. Subfractionation of the MVB to 
analyse the protein composition of the perimeter membrane 
and inner vesicles and die development of in vitro systems 
to study inward vesiculation may allow the molecular dissec- 
tion of the events leading to the formation of internal vesicles 
in the MVB. 
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SUMMARY 

Annexin II, a member of a family of Ca 2+ and membrane 
binding proteins, has been implicated in regulating 
membrane organization and membrane transport during 
endocytosis and Ca 2+ regulated secretion. To characterize 
the mechanistic aspects of the annexin II action we studied 
parameters which determine the endosomal association of 
annexin II. Immunoblot analysis of subcellular membrane 
fractions prepared from BHK cells in the presence of a 
Ca 2+ chelating agent reveals that annexin II remains asso- 
ciated with endosomal membranes under such conditions. 
This annexin II behaviour is atypical for the Ca 2+ regulated 
annexins and is corroborated by the finding that ectopically 
expressed annexin II mutants with inactivated Ca 2+ 
binding sites continue to co-fractionate with endosomal 
membranes. The Ca 2+ -independent membrane association 



of annexin II is also not affected by introducing mutations 
interfering with the complex formation of annexin II with 
its intracellular protein ligand pll. However, a deletion of 
the unique N-terminal domain of annexin II, in particular 
the sequence spanning residues 15 to 24, abolishes the Ca 2+ - 
independent association of the protein with endosomes. 
These results describe a novel, Ca 2+ -independent type of 
annexin- membrane interaction and provide a first expla- 
nation for the observed preference of different annexins for 
different cellular membranes. In the case of annexin II this 
specificity could be mediated through specific membrane 
receptors interacting with a unique sequence in the annexin 
II molecule. 

Key words: Ca 2+ /phospholipid binding protein, Endocytosis, 
Membrane-cytoskeleton interaction 



INTRODUCTION 

The Ca 2+ -dependent regulation of membrane-cytoskeleton and 
membrane-membrane interactions plays an important role in a 
number of biological processes ranging from the control of cell 
and organelle shape to that of certain membrane traffic events. 
Among the components thought to be involved in such Ca 2+ - 
mediated processes are the annexins, members of a multigene 
family of Ca 2+ /phospholipid-binding proteins widely distrib- 
uted among species. Typically, all annexins share as a charac- 
teristic biochemical property the ability to bind to negatively 
charged phospholipids and cellular membranes in a Ca 2+ - 
dependent manner, and some members of the family also 
interact Ca 2+ -dependently with certain cytoskeletal elements 
(for reviews see Creutz, 1992; Raynal and Pollard, 1994). 
These annexin properties are displayed by a well conserved 
protein core domain which is resistant to limited proteolysis 
and comprises a four- or eightfold repetition of a segment of 
70-80 amino acid residues, the annexin repeat. Each annexin 
repeat harbours one or two novel types of Ca 2+ binding sites. 
These differ in architecture from the EF hand motif (Moews 
and Kretsinger, 1975) and involve in addition to other elements 



a highly conserved acidic amino acid whose carboxyl oxygens 
are crucially important for Ca 2+ coordination (Huber et al., 
1990; Weng et al., 1993; Jostet al., 1992, 1994). Unique within 
the individual members of the annexin family is the N-terminal 
domain which precedes the protein core and varies in length 
and sequence. It is thought to be of regulatory importance as 
it harbours in several annexins phosphorylation sites for 
different signal transducing kinases (for review see Raynal and 
Pollard, 1994). 

Annexin II is implicated in several membrane transport 
steps. These include the Ca 2+ -regulated secretion since annexin 
II, which is a prominent component in chromaffin granule 
preparations, is able to aggregate these vesicles at Ca 2+ levels 
which are close to those observed in stimulated chromaffin 
cells, and partially restores the secretory responsiveness in per- 
meabilized chromaffin cells (Ali et al., 1989; Sarafian et al., 
1991; for review see Creutz, 1992). Such Ca 2+ -regulated 
function of annexin II in the exocytotic pathway seems to 
depend on a complex formation of the protein with its intra- 
cellular ligand, the SI 00 protein pll. Complex formation, 
which leads to an annexin Ihpl h heterotetramer, is mediated 
through the N-terminal domain of annexin II (for review see 
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Weber, 1992) and is a prerequisite for anchoring annexin II in 
the cortical region of cultured cells (Thiel et al., 1992; Jost et 
ah, 1994). Based on these findings it had been suggested that 
the annexin II-pll complex may participate in Ca 2+ -regulated 
exocytosis by linking exocytotic vesicles to the cortical 
cytoskeleton and/or the plasma membrane and thereby pos- 
itioning the vesicle at the correct place in the cell (for reviews 
see Creutz, 1992; Gerke, 1996). 

Several lines of evidence indicate that annexin II is also 
involved in endocytotic processes. The protein is found on 
isolated early endosomal membranes and is one of the few 
proteins transferred from a donor to an acceptor endosomal 
membrane in an in vitro fusion assay (Emans et al., 1993). 
Moreover, ectopic expression of a trans -dominant mutant for 
the annexin II-pll complex, which leads to the intracellular 
aggregation of annexin II and pi I, specifically affects early 
endosomes which are translocated to the site of the aggregates 
(Harder and Gerke, 1993). Finally, in a cell-free system 
purified annexin II reconstitutes in conjunction with arachi- 
donic acid a Ca 2+ -dependent fusion among endosomes which 
previously had been washed with the Ca 2+ chelating EDTA 
(Mayorga et al., 1994). 

The mechanism by which annexin II affects fusion proper- 
ties and/or the organization and intracellular location of 
endosomal membranes is not known. To shed light on this 
mechanism and to elucidate the structural requirements for an 
annexin II-endosome interaction we analyzed the subcellular 
fractionation of ectopically expressed mutant derivatives of 
annexin II. We show that the co-fractionation of annexin II with 
endosomal membranes is not regulated by Ca 2+ - and pll- 
binding. This Ca 2+ -independent membrane association does, 
however, depend on the presence of amino acids 15 to 24 of 
the unique N-terminal domain of annexin II. 

MATERIALS AND METHODS 
Expression constructs 

The cDNA encoding human annexin II (Huang et al., 1986) served as 
a template for oligonucleotide-directed mutagenesis (Kunkel, 1985) 
which was employed to generate mutant cDNAs encoding defective 
Ca 2+ (CM) and/or pll (PM) binding sites (Jost et ah, 1994). The 
mutants containing a deletion of the region encoding the N-terminal 
14 or 24 amino acid residues were constructed by PCR using the wild- 
type (WT) cDNA as a template and the oligonucleotides Al (5' 
CTGTGCAAGCTCGAATTCGAGATGTCTCACTCTACACC 3') or 
A2 (5' CTACACCCCCGAATTCATATATGTCTGTCAA AGCC 3') as 
sense and the oligonucleotide A3 (5' GACCTGTTATCTAGAAG- 
CATGGTG 3') as antisense primers, respectively. All annexin II 
cDNAs also contained a single nucleotide exchange resulting in a 
glutamic acid for alanine replacement at amino acid position 65. This 
substitution installed the epitope for the monoclonal antibody H28 and 
thus enabled us to use this antibody to specifically detect the recom- 
binantly expressed annexin II derivatives (Thiel et al., 1991). For 
expression in BHK cells the individual annexin II cDNAs were cloned 
into the pCMV5 vector to yield the constructs pCMV-WT, pCMV- 
PM, pCMV-CM, pCMV-PMCM, pCMV-Al-14, and pCMV-Al-24. 
The presence of the individual mutations was verified by dideoxy 
sequencing (Sanger et al., 1977). 

Cell culture and transfection 

Hamster BHK cells were grown in Dulbecco's modified Eagle's medium 
(Gibco-BRL) supplemented with 10% fetal calf serum (Boehringer, 



Mannheim). Transient transfection employed a modified calcium 
phosphate precipitation method (Chen and Okayama, 1987) using 20 ng 
of the respective plasmid DNA per 100 mm dish of cells grown to 50% 
confluency. After addition of the DNA, cells were incubated for 12 to 
16 hours at 35°C in 3% CO2, then washed with PBS and cultivated in 
fresh medium using normal culture conditions. Between 30 and 40% of 
the total cell population was expressing the exogenous protein 40 hours 
following transfection, as revealed by routine immunofluorescence 
analysis with the monoclonal antibody H28. 

Fractionation of endosomal membranes 

Labeling and fractionation of endosomes was carried out essentially 
as described by Gorvel et al. (1991) and Aniento et al. (1996). Briefly, 
four 100 mm dishes of untreated BHK cells or six dishes of trans- 
fected cells were incubated at 37°C with 2 mg/ml horseradish perox- 
idase (HRP) in 1M (internalization medium: Dulbecco's modified 
Eagel's medium supplement with 10 mM Hepes, pH 7.4). To label 
early endosomes the HRP incubation was carried out for five minutes. 
Late endosomal labeling was achieved by treating the cells for five 
minutes with HRP in IM followed by a 45 minute chase in IM sup- 
plement with 2 mg/ml bovine serum albumin. Subsequently, the cells 
were lysed in HB buffer (0.25 M sucrose, 3 mM imidazole-HCl, pH 
7.4) followed by a low speed centrifugation to yield a post-nuclear 
supernatant (PNS). The PNS was brought to 40.6% sucrose, 3 mM 
imidazole-HCl, pH 7.4, and placed at the bottom of a SW 60 cen- 
trifugation tube (Beckman). This load was overlaid with 1.5 ml of 
35% sucrose, 3 mM imidazole-HCl, pH 7.4, then with 1 ml 25% 
sucrose, 3 mM imidazole-HCl, pH 7.4, and finally with 0.5 ml HB 
buffer. In some experiments, the sucrose solutions were supplemented 
with 1 mM EDTA to reduce the free Ca 2+ concentration. The step 
gradient was centrifuged at 35,000 rpm for 60 minutes at 4°C. 
Fractions containing late and mulitvesicular endosomes were 
collected at the 25% sucrose-HB interface and early endosomes were 
enriched at the 25%-35% sucrose interface. Fractions containing 
heavy membranes (HM) were collected at the 35%-40.6% sucrose 
interface. The activity of endocytosed HRP present in the different 
fractions was analyzed as described (Gorvel et al., 1991) and latency 
was measured according to Bomsel et al. (1990). Proteins present in 
the different fractions were concentrated by chloroform/methanol pre- 
cipitation (Wessel and Fliigge, 1984) and 10 pig of each fraction (as 
determined according to Bradford, 1976) were separated by SDS- 
polyacrylamide gel electrophoresis (PAGE) (Laemmli, 1970) and 
analyzed by immunoblotting (Towbin et al., 1987). 

Immunofluorescence analysis of annexin II and transferrin 
receptor distribution 

BHK cells grown on glass coverslips were co-transfected with an 
expression construct encoding the human transferrin receptor (hTfR) 
cDNA (pCMV-hTfR; Harder and Gerke, 1993) and with one of the 
expression constructs encoding wild-type (WT) or mutant annexin II 
derivatives (pCMV-WT, pCMV-PMCM, pCMV-Al-24). At 40 hours 
post transfection the cells were incubated for 1 hour in serum-free 
medium and then for 30 minutes in serum-free medium containing 20 
Hg/ml human transferrin (Boehringer) to obtain an efficient hTfR inter- 
nalization into early and recycling endosomes. Subsequently, the cov- 
erslips were washed briefly in cold PBS and placed, cells facing down, 
for 10 minutes at 4°C onto a 50 u,l drop of a solution containing 
activated streptolysin O (SLO; obtained from Dr S. Bhakdi, University 
of Mainz, FRG; Bhakdi et al., 1993). SLO was employed at 5 \ig/m\ in 
intracellular transport buffer (ICT; 78 mM KC1, 4 mM MgCb, 8.37 mM 
CaCl 2 , 10 mM EGTA and 1 mM DTT; Burke and Gerace, 1986). EGTA 
in the ICT buffer was omitted in experiments analyzing the Ca 2+ - 
dependent association of Al-24 annexin II with endosomes. Following 
incubation at 4°C the excess SLO that did not bind to the plasma 
membrane was removed by two washes with cold ICT. For permeabi- 
lizauon the coverslips were placed on pre-warmed drops of ICT for 10 
minutes at 37°C. The effectiveness of permeabilization could be 
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measured by LDH release. The cells were then washed for an additional 
10 minutes with cold ICT to obtain an efficient depletion of the cytosol. 
For double immunofluorescence staining of the transfected hTfR and 
annexin II, the cells were fixed for 2 minutes in -20°C cold methanol, 
washed with PBS and incubated with the first antibodies in a humid 
chamber for 45 minutes at room temperature. Mouse anti-human CD7 1 
(IgG2A; Pharmingen) was employed to label the hTfR and the mouse 
monoclonal H28 (IgGl; Osborn et al., 1988) was used to specifically 
detect the ectopically expressed annexin II derivatives. The coverslips 
were then washed 3x 10 minutes with PBS and incubated for 45 minutes 
with the corresponding fluorescently labeled secondary antibodies 
(isotype-specific antibodies directed against mouse IgGl and IgG2A, 
respectively). After three final PBS washes the coverslips were mounted 
in Moviol 4-88 (Hoechst). Cells were examined with a Zeiss axiophot 
photomicroscope and photography employed Kodak P320O film. 

Antibodies 

The polyclonal rabbit antibodies directed against annexins II and IV 
as well as the mouse monoclonal anti-annexin II antibody H28 have 
been described (Gerke and Weber, 1984; Osborn et al., 1988). Anti- 
bodies against the early endosome-associated protein EEA1 (Mu et 
al., 1995) were kindly provided by Dr Ban-Hock Toh (Monash 
Medical School, Melbourne, Australia). Peroxidase coupled anti- 
bodies (Dako) were used as secondary antibodies and immunoreac- 
tive bands were visualised using the ECL chemoluminescence system 
(Amersham-Buchler). For double immunofluorescence analysis of 
transfected cells ectopically expressing hTfR and annexin II, FITC- 
coupled goat anti-mouse IgG2A and Texas red-coupled goat anti- 
mouse IgGl (Southern Biotechnology Associated Inc.) were 
employed as secondary antibodies. 

RESULTS 

The association of annexin II with endosomal 
membranes in the presence and absence of Ca 2+ 

To analyze whether and how Ca 2+ ions affect the association of 
annexin II with endosomal membranes we probed subcellular 
fractions of BHK cells prepared in the absence or presence of the 
Ca 2+ chelating EDTA with an annexin II antibody. In these exper- 
iments an enrichment of annexin II in a given subcellular fraction 
was assessed by comparing the respective immunoblot signal to 
that obtained when an equal amount of total protein from the 
starting material for gradient fractionation, the post nuclear super- 
natant (PNS), was analyzed. Fig. 1 reveals that annexin II is 
enriched in fractions containing early endosomal membranes and 
to a lesser extent in those containing late endosomes when cell 
lysis and subsequent gradient fractionation are carried out in the 
absence of EDTA (as already shown by Emans et al., 1993). 
Unexpectedly the cofractionation with early endosomes is not 
affected by including EDTA in all buffers used in the subcellular 
fractionation indicating that the annexin II binding to early 
endosomes still occurs at submicromolar Ca 2+ concentrations 
(Fig. 1). A Ca 2+ -independent association of annexin II with 
endosomes is also corroborated by ultrastructural analyses of 
mechanically perforated MDCK cells. When these cells are 
incubated in a physiological buffer in the absence of Ca 2+ prior 
to fixation they retain the majority of their endosome associated 
annexin II although the soluble protein and a substantial fraction 
of the plasma membrane associated annexin II is lost (Harder et 
al., 1997). 

Further immunoblot analysis reveals that annexin IV is 
another annexin present in BHK cell fractions containing 
endosomal membranes (Fig. 1). However, in contrast to 



annexin II, annexin IV is enriched to an equal extent in 
fractions containing early and in those containing late 
endosomes and its co-fractionation with the respective 
membrane fractions is sensitive to Ca 2+ chelation (Fig. 1). 
Thus, annexin IV exhibits a behaviour typical for an annexin, 
i.e. a Ca 2+ -regulated interaction with membranes, whereas 
annexin II appears to associate with the endosomal membranes 
in a manner atypical for an annexin. To verify the enrichment 
of early endosomes in the different experiments, the gradient 
fractions obtained were also subjected to immunoblot analysis 
with an antibody against EEA1, a protein of 180 kDa specifi- 
cally associated with early endosomes (Mu et al., 1995; a rep- 
resentative example revealing the specific enrichment of EEA1 
in fractions containing early endosomes is shown in Fig. 1). 
Moreover, in all endosome fractionation experiments the 
enrichment and integrity of the different endosomal 
membranes was routinely monitored by following the fate of 
HRP internalized from the fluid phase (see Materials and 
Methods for details). 




Fig. 1. Association of annexin II and annexin IV with different 
membrane fractions from BHK cells. A post-nuclear supernatant 
(PNS) was prepared from BHK cells and subjected to flotation 
gradient fractionation in the presence (+) or absence (-) of 1 mM 
EDTA. Fractions enriched in late (LE) and early endosomes (EE) as 
well as those containing heavy membranes (HM) were collected. 
Equal amounts of protein from these fractions (as determined 
according to Bradford, 1976) were subjected to SDS-PAGE and 
subsequent immunoblotting using polyclonal antibodies directed 
against annexins II (upper panel) and IV (middle panel). A control 
immunoblot using antibodies against the early endosome-associated 
protein EEA1 is shown in the bottom panel. Note that annexin II is 
enriched in fractions containing endosomal, in particular early 
endosomal, membranes and that this enrichment is not affected by 
the inclusion of the Ca 2+ chelating EDTA. In contrast, annexin IV is 
equally enriched in fractions containing early and late endosomal 
membranes and this association is sensitive to Ca 2+ chelation. 
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Fig. 2. Amino acid 
sequence of human 
annexin II and of 
annexin II mutants used 
in this study. The 
sequence (Huang et al., 
1986) is given in the 
one letter code. The dot 
indicates a Glu for Ala 
replacement which is 
shared by all annexin II 
derivatives described 
here and which 
reconstitutes the 
epitope for the 
monoclonal antibody 
H28 (Osborn et al., 
1988;Thiel etal., 
1991). Vertical arrows 
mark the amino acid 

substitutions introduced to inactivate the type II Ca 2+ binding sites (D161 A, E246A, D321A, generating CM annexin II) and the pi 1 binding 
site (I6E, L7E, generating PM annexin II). The positions of the novel N-termini of the truncation mutants, Al-14 and A 1-24 annexin II, are 
indicated by horizontal arrows. 
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Intact Ca 2+ and p1 1 binding sites are not required for 
an endosomal association of annexin II 

As the subcellular fractionation data suggested a novel type of 
annexin-membrane interaction for the annexin II-endosome 
association (one not sensitive to Ca 2+ ) we analyzed the structural 
requirements for this association in more detail. Therefore we 
employed a transfection approach to express ectopically in BHK 
cells certain annexin II mutant proteins. The subcellular distrib- 
ution of these derivatives was determined by flotation gradient 
fractionation of a PNS prepared from the transfected cells and 
subsequent immunoblot analysis of the different fractions using 
a monoclonal antibody specifically recognizing the ectopically 
expressed but not the endogenous annexin II (Thiel et al., 1991). 

In a first approach we analyzed the behaviour of an annexin 
II mutant with inactivated type II Ca 2+ binding sites. These 
sites are located in repeats 2, 3 and 4 of annexin II and they 
were rendered inactive by introducing alanine in place of the 
crucial acidic amino acids serving as so-called cap residues in 
this type of Ca 2+ binding site (D161A, E246A, D321A; CM 
annexin II; Fig. 2). The impairment of the Ca 2+ -sites had been 
verified previously by our biochemical analyses (Thiel et al., 
1992; Jost et al., 1992). An expression construct encoding 
wild-type (WT) annexin II was used in control experiments. 
Fractionation of BHK cells transiently expressing the WT 
annexin II reveals that this ectopically expressed protein shows 
the co-fractionation with endosomal membranes already 
observed for the endogenous annexin II (Fig. 3). Moreover, this 
co-fractionation is observed both in the absence and in the 
presence of a Ca 2+ chelating agent (not shown). 

A very similar result is obtained when the subcellular distri- 
bution of the mutant protein with inactivated Ca 2+ -sites is 
revealed by gradient fractionation, i.e. CM annexin II also co- 
fractionates with early endosomal membranes (not shown). To 
exclude the possibility that CM annexin II associates with 
endosomes through a pll-mediated binding to endogenous 
(intact) annexin II, we decided to analyze the subcellular distri- 
bution of a CM derivative with an inactivated pi 1 binding site. 



pi 1 binding is mediated through the N -terminal 14 amino acids 
of annexin II with the hydrophobic side chains at positions 6 and 
7 (He and Leu, respectively) representing major contact sites 
(Johnsson et al., 1988; Becker et al., 1990). Therefore, we intro- 
duced glutamic acid residues in place of Ile-6 and Leu-7 (I6E, 
L7E; Fig. 2) to inactivate the pll binding site. This PM (pi 1- 
minus) mutation was combined with the CM replacements gen- 
erating PMCM annexin II. As revealed by ligand blotting and 
Ca 2+ -dependent liposome pelleting this mutant protein was 
impaired in both pll and Ca 2+ binding (not shown). Gradient 
analysis of BHK cells expressing PMCM annexin II shows that 
this mutant continues to co-fractionate with early endosomal 
membranes (Fig. 3). Since PMCM annexin II remains 
monomelic these results show unambiguously that Ca 2+ binding 
to annexin II is not required for its cofractionation with early 
endosomal membranes. Interestingly, the somewhat lesser but 
reproducibly observed enrichment of endogenous (Fig. 1) and 
transfected WT annexin II (Fig. 3) in fractions containing late 
endosomes is not seen in the case of the PMCM derivative (Fig. 
3). Likewise, the CM annexin II mutant shows an enrichment 
only in early endosomal but not in late endosomal fractions (not 
shown). This indicates that the cofractionation of annexin II with 
late endosomal membranes requires intact Ca 2+ binding sites in 
the protein and thus differs mechanistically from the Ca 2+ -inde- 
pendent association of annexin II with early endosomes. 

The signal for localizing annexin II Ca 2+ - 
independently to endosomal membranes resides in 
the N-terminal domain 

To identify the region in the annexin II molecule mediating the 
Ca 2+ -independent association with endosomes we generated two 
N-terminally truncated derivatives which were again expressed 
in BHK cells and subjected to the fractionation protocol 
described above. We chose the N-terminal domain for a more 
detailed analysis since this region is highly variable within the 
individual annexins and thus likely to be involved in mediating 
specific properties. In a first truncation mutant we deleted the 
entire pll binding site, i.e. amino acids 1-14 (Johnsson et al., 
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Fig. 3. Flotation gradient analysis of membranes from BHK cells 
ectopically expressing annexin II derivatives. BHK cells were 
transfected with expression constructs encoding wild-type (WT) 
annexin II or a mutant derivative containing inactivated Ca 2+ binding 
sites as well as an inactivated pi 1 binding site (PMCM). Membranes 
present in a PNS from such cells were subjected to sucrose gradient 
fractionation and fractions enriched in late endosomes (LE), early 
endosomes (EE), and heavy membranes (HM) were analyzed by 
immunoblotting using a monoclonal antibody (H28) specifically 
recognizing the ectopically expressed annexin II. The distribution of 
endogenous annexin II (endog.) among the membrane fractions from 
non-transfected BHK cells was determined by immunoblotting with a 
polyclonal annexin II antibody and is given for comparison. 
Preparation of the PNS and gradient fractionation were carried out in 
the absence of EDTA to specifically analyze the consequences of the 
Ca 2+ -site mutations. Note that PMCM annexin II which is incapable of 
forming the heterotetrameric annexin II-pl 1 complex and which does 
not bind Ca 2+ continues to co-fractionate with endosomal membranes. 



However, the Ca 2+ -independent association with these structures 
requires the sequence spanning residues 15 to 24. Fig. 4 also 
shows an immunoblot analysis employing EEA1 antibodies on 
gradient fractions prepared from BHK cells expressing the Al- 
24 annexin II mutant. This control reveals that the fractionation 
properties of early endosomes are not affected by the ectopic 
expression of the annexin II mutant. Thus, the loss of Ca 2+ -inde- 
pendent membrane binding in the case of the A 1-24 mutant 
protein is solely due to the deletion of an important sequence in 
the protein and not caused by any putative secondary effects on 
the endosomal membranes in the transfected cells. 

To corroborate the results obtained by subcellular fraction- 
ation we also collected morphological data on the subcellular 
localization of different annexin II mutants. Therefore, BHK 
cells were co-transfected with expression plasmids encoding 
the annexin II derivatives and the human transferrin receptor 
(hTfR) which was included as a marker for early endosomes 
in the transfected cells. At 40 hours following transfection the 
cells were permeabilized with streptolysin O (SLO) and then 
incubated in an intracellular transport buffer (ICT) to release 
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1988), and introduced a novel start by replacing the amino acids 
at positions 14 and 15 (Gly and Asp) by methionine and serine 
(Fig. 2). As expected from the properties displayed by PMCM 
annexin II, i.e. a protein mutant incapable of binding pi 1, the 
A 1-14 annexin II derivative continues to co-fractionate with 
endosomal membranes in the presence of 1 mM EDTA (Fig. 
4A). This shows again that pll binding is not required and 
further reveals that the entire pi 1 binding site is dispensable for 
a Ca 2+ -independent association with endosomes. 

An additional 10 amino acid residues were deleted in the 
second truncation mutant, A 1-24 annexin II, in which Gly-24 was 
replaced by the novel start-methionine (Fig. 2). The rationale for 
choosing this mutation was twofold. First, we wanted to delete 
or render inactive two phosphorylation sites of potential regula- 
tory importance (Tyr-23 phosphorylated by ppoXF 0 and Ser-25 
phosphorylated by protein kinase C; for review see Gerke, 1992). 
Second, since Lys-27 is part of the discontinous epitope of the 
monoclonal annexin II antibody H28 we decided to leave this 
residue unaffected (Thiel et al., 1991). This enabled us to detect 
the A 1-24 derivative by immunoblotting with the H28 antibody. 
Subcellular fractionation of BHK cells ectopically expressing Al- 
24 annexin II reveals that this derivative fails to co-fractionate 
with endosomal membranes in the presence of a Ca 2+ chelating 
agent (Fig. 4B). An enrichment of A 1-24 annexin II in membrane 
fractions containing endosomes is, however, observed when the 
preparation of the PNS and the subsequent gradient analysis are 
carried out in the absence of EDTA (Fig. 4B). Thus, the annexin 
II core starting at residue 25 displays the Ca 2+ -sensitive interac- 
tion with BHK membranes typical for an annexin, showing a 
preference for early and to a lesser extent late endosomes. 
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Fig. 4. Effect of N-terminal deletions on the Ca 2+ -independent co- 
fractionation of annexin II with endosomal membranes. Cellular 
membranes (LE, EE, HM) obtained by gradient fractionation of a 
PNS prepared from BHK cells ectopically expressing A1-I4 (A) or 
A 1-24 (B) annexin II were subjected to immunoblotting using the 
H28 monoclonal antibody specifically recognizing the mutant 
proteins. Subcellular fractionation was carried out in the presence (+) 
or absence (-) of 1 mM EDTA. Note that the deletion of amino acids 
1-24 but not that of residues 1-14 renders the molecule incapable of 
co-fractionating with endosomal membranes in the presence of 
EDTA. A control immunoblot with the EEA1 antibody of the 
fractions obtained from A 1-24 annexin II-transfected cells is shown 
in the bottom part of B and reveals that the gradient fractionation of 
early endosomes is not affected in these cells. 
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the cytosolic fraction of annexin II (see Materials and Methods) 
before subjecting them to double immunofluorescence using 
antibodies specifically recognizing the ectopically expressed 
hTfR and annexin II derivatives, respectively. Fig. 5 reveals 
that WT annexin II and the PMCM mutant protein co-localize 
to a large extent with hTfR positive structures thus showing the 
early endosomal localization already established for endogen- 
ous annexin II at the light and electron microscope level 
(Emans et al., 1993; Harder and Gerke, 1993). In line with our 
biochemical analyses this annexin II distribution is observed 
after incubating the permeabilized cells prior to fixation in ICT 



buffer containing the Ca 2+ chelating EGTA (Fig. 5). In contrast, 
the A 1-24 mutant protein fails to show any endosomal or other 
intracellular membrane association under such conditions (Fig. 
5). However, when Ca 2+ is not chelated during the incubation 
of the permeabilized cells in ICT buffer the A 1-24 derivative 
remains associated with intracellular structures which to a large 
extent are hTfR positive (Fig. 5). These data are in line with 
the subcellular fractionation (Fig. 4) and thus support the con- 
clusion that the unique N-terminaJ domain of annexin II is 
required for its Ca 2+ -independent association with endosomal 
membranes. When this domain is truncated the resulting Al- 

ixll hTfR 



Fig. 5. Localization of ectopically 
expressed annexin II derivatives and 
human transferrin receptor in SLO- 
permeabilized BHK cells. BHK cells 
were co-transfected with expression 
constructs encoding the human 
transferrin receptor (hTfR) and one of 
the annexin II derivatives (WT, PMCM, 
or Al-24 annexin II, respectively). At 40 
hours following transfection efficient 
hTfR uptake was induced by 
exogenously supplemented transferrin. 
Subsequently the cells were 
permeabilized with SLO and depleted of 
cytosol by incubation in an intracellular 
transport buffer (ICT) containing EGTA 
(see Materials and Methods). This 
treatment releases the cytosolic annexin 
II pool which to some extent masks the 
membrane-bound fraction in 
immunofluorescence analyses of directly 
fixed cells (Osbora et al., 1988; Harder 
and Gerke, 1993). In the case of cells 
expressing the Al-24 annexin II the 
cytosol was released either in the 
presence (e,f) or absence (g,h) of 10 mM 
EGTA to analyze the effect of Ca 2+ on 
the intracellular distribution of this 
mutant. The cells were then fixed and 
processed for double 
immunofluorescence using antibodies 
directed against annexin II (a,c,e,g) and 
hTfR (b,d,f,h), which only recognized 
the ectopically expressed and not the 
endogenous proteins. Note that WT and 
PMCM annexin II co-localize to a large 
extent with hTfR positive endosomal 
structures in a manner not affected by 
the EGTA which is included in the ICT 
buffer (arrowheads in a,b and c,d, 
respectively). In contrast, Al-24 annexin 
II fails to show any membrane 
association under such conditions (e and 
f). A co-localization of Al-24 annexin II 
with hTfR positive endosomes is, 
however, observed when EGTA is 
omitted during cytosol depletion, i.e. in 
the presence of Ca 2+ (g and h). 
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24 mutant protein requires Ca 2+ for an interaction with 
endosomal membranes. Interestingly and as also seen in the 
gradient analysis the Ca 2+ -dependent membrane association of 
the Al-24 mutant protein remains to be specific for early and 
to a lesser extent late endosomal membranes, most likely 
because the phospholipid composition of these membranes is 
best suited for interacting with the annexin II core. 

DISCUSSION 

Members of the annexin family of Ca 2+ -regulated membrane 
binding proteins are present on most and possibly all intracellu- 
lar membranes including the plasma membrane (Gruenberg and 
Emans, 1993). Specificity with respect to the target membrane 
of the individual annexins is thought to be conferred through the 
N -terminal domains which vary between the different members 
of the family. The Ca 2+ sensitivity for a reversible and periph- 
eral membrane binding, on the other hand, is most likely carried 
through the protein core comprising four or eight annexin 
repeats. These repeats harbour the type II and type III Ca 2+ 
binding sites (for reviews see Huber et al., 1992; Swairjo and 
Seaton, 1994) and isolated core domains bind Ca 2+ -dependently 
to phospholipid vesicles and chromaffin granules (Glenney, 
1986; Johnsson et al., 1986; Drust and Creutz, 1988). Most 
likely, the EDTA-sensitive, i.e. Ca 2+ regulated, co-fraction of Al- 
24 annexin II with endosomes (Figs 4, 5) is the consequence of 
such a Ca 2+ -dependent interaction of the annexin II core domain 
with endosomal membranes. In this case specificity is probably 
carried through a certain phospholipid composition of the 
endosomal membranes which is better suited for binding the 
annexin II core than that of other cellular membranes. 

A different mechanism must be responsible for mediating the 
Ca 2+ -independent association of annexin II with early endosomes 
described here. The association depends on the presence of the 
unique N-terminal domain of the annexin II molecule with the 
sequence encompassing amino acids 15-24 being of critical 
importance. In contrast, pi I binding and the resulting annexin II- 
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Fig. 6. Model depicting different 
modes of an annexin II- 
membrane interaction. The 
Ca 2+ -independent association 
with a target membrane 
described here is mediated 
through the sequence spanning 
residues 15 to 24 which could 
A 1-24 anx II bind to a receptor specific for 
this membrane. This interaction 
would leave the very N-terminal 
14 residues of annexin II 
accessible for pi 1 binding. 
Removal of the entire N- 
terminal region encompassing 
residues 1 to 24 generates a 
mutant derivative (Al-24 
annexin II) whose membrane 
association strictly depends on 
the presence of Ca 2+ . 



pi 1 complex formation are not required. This type of Ca 2 *-inde- 
pendent binding to certain cellular membranes has not been 
observed for an annexin before. It could be mediated through a 
specific receptor for annexin II on early endosomal membranes. 
This putative receptor would bind to the N-terminal annexin II 
domain, most likely to the sequence spanning residues 15 to 24, 
in a manner not regulated by Ca 2+ (Fig. 6). Such an interaction 
could be accompanied in the presence of Ca 2+ by a binding of 
the annexin II core to endosomal membrane phospholipids. 
Moreover, it would leave the very N-terminal region (residues 1 
to 14) accessible for pll binding thus enabling the annexin II- 
pll complex formation to occur on endosomal membranes. 
Alternatively, the second part of the N-terminal domain, i.e. 
amino acids 15-24, could be involved in establishing or stabiliz- 
ing a conformation of the core domain which allows for a Ca 2+ - 
independent interaction of this core domain with endosomal 
membranes. Future experiments, e.g. the identification of the 
putative annexin II receptor (protein or a certain lipid structure) 
on endosomes, have to resolve this question. 

Within cells annexin II is not restricted to endosomes but is 
also found on the plasma membrane and/or in the cortical 
cytoskeleton colocalizing with molecules of the spectrin family 
(for review see Gerke, 1992). Interestingly, Ca 2+ as well as pi 1 
binding are required for establishing the tight association with 
the cortical cytoskeleton (Thiel et al., 1992; Jost et al., 1994) 
indicating that different structural requirements underlie the 
association of annexin II with endosomes and the cortical 
cytoskeleton, respectively. This could reflect the existence of 
functionally distinct annexin II pools and/or different modes of 
regulation. Cortical annexin II could be involved in stabilizing 
a peripheral localization of endosomes, possibly by providing a 
physical link between the endosomal membrane and the cortical 
cytoskeleton (Harder and Gerke, 1993). It may also serve an 
alternative or additional role in structuring or organizing 
endosomal membranes (or domains of the plasma membrane). 

At least in certain cell types, e.g. adrenal chromaffin cells, 
annexin II has also been implicated in exocytotic processes, in 
particular in Ca 2+ regulated secretion (Ali et al., 1989; Sarafian 
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et al., 1991). While the exact mechanism by which annexin II 
acts in exocytotic membrane transport is not known it has been 
suggested that a heterotetrameric annexin II-pll complex 
could provide physical linkage between different chromaffin 
granule membranes and/or between the granule and the plasma 
membrane (Nakata et al., 1990; for review see Creutz, 1992). 
Conceptually, annexin II could therefore be involved in 
different membrane transport steps by serving a structural role 
in organizing membranes and/or membrane-cytoskeleton inter- 
actions. Specificity could then be guaranteed by certain phos- 
pholipid compositions allowing for a Ca 2+ -dependent binding 
through the annexin II core domain or specific receptors (e.g. 
on endosomes) interacting Ca 2+ -independently with a region in 
the N -terminal domain. 
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Annexin All is one of the 12 vertebrate subfamilies in the 
annexin superfamily of calcium/phospholipid-binding proteins, 
distinguishable by long, non-homologous N-termini rich in 
proline, glycine and tyrosine residues. As there is negligible struc- 
tural information concerning this annexin subfamily apart from 
primary sequence data, we have cloned, expressed and purified 
recombinant mouse annexin Al 1 to investigate its structural 
and functional properties. CD spectroscopy reveals two main 
secondary-structure contributions, ar-helix and random coil 
(approx. 30 % each), corresponding mainly to the annexin C- 
terminal tetrad and the N-terminus respectively. On calcium 
binding, an increase in or-helix and a decrease in random coil 
are detected. Fluorescence spectroscopy reveals that its only 
tryptophan residue, located at the N-terminus, is completely 
exposed to the solvent; calcium binding promotes a change in 
tertiary structure, which does not affect this tryptophan residue 
but involves the movement of approximately four tyrosine 
residues to a more hydrophobic environment. These calcium- 



induced structural changes produce a significant thermal 
stabilization, with an increase of approx. 14 °C in the melting 
temperature. Annexin All binds to acidic phospholipids and to 
phosphatidylethanolamine in the presence of calcium; weaker 
calcium-independent binding to phosphatidylserine, phosphatide 
acid and phosphatidylethanolamine was also observed. The 
calcium-dependent binding to phosphatidylserine is accompanied 
by an increase in ar-helix and a decrease in random-coil contents, 
with translocation of the tryptophan residue towards a more 
hydrophobic environment. This protein induces vesicle aggre- 
gation but requires non-physiological calcium concentrations 
in vitro. A three-dimensional model, consistent with these data, 
was generated to conceptualize annexin All structure-function 
relationships. 



Key words: calcium binding, CD spectroscopy, fluorescence 
spectroscopy, phospholipid binding, thermal stability. 



INTRODUCTION 

The annexin gene family comprises calcium-binding proteins 
with a unique ancestry, a tetrad structure of homologous internal 
repeats, and the common property of reversible binding to 
acidic phospholipid-rich membranes in the presence of this 
cation (see [1-3] for reviews), although some protein members 
lack the requisite consensus for high-affinity type II calcium- 
binding sites [4], The annexin core structure is composed of 
four (eight in annexin A6) homologous domains of approx. 68 
amino acids, universally conserved throughout annexin evolution 
[5,6]. In contrast, the N-terminal region shows greater variability 
in length and amino acid sequence [1,3]. Since the solution of 
the annexin A5 crystal structure [7], several other annexins have 
been crystallized; all of them display a protein core resembling a 
slightly curved disc in which the four repeated domains arrange 
around a central hydrophilic pore. Each domain comprises a 
folded leaf or-helix bundle (helices A, B, D and E) organized 
as anti-parallel cylinders capped by a fifth a-helix (helix C). The 
interaction with membranes takes place on the convex side of 
the molecule where the principal calcium-binding sites are 
located. Calcium binding is established with carbonyl oxygen 
atoms in the loop connecting helices A and B, and with a bidentate 
carbonyl group from glutamic or aspartic residues located in the 
loop connecting helices D and E, approx. 38 residues downstream 



in each repeat. The N-terminal region connects domains I and 
IV in annexins with a short N-terminus, such as annexin A5, 
and is located in the concave region of the molecule, opposite 
to the calcium-binding sites [7]. Rosengarth et al. [8] have solved 
the X-ray structure of full-length annexin Al in the absence of 
calcium, showing that the N-terminus interacts with domain III 
through an amphipathic a-helix present in the N-terminal domain 
replacing helix 3D. 

The structural characteristics of annexins, especially Al, 
A2 and A5, have been extensively analysed [7-12]. However, 
knowledge is more limited for other members of this family, and 
is unavailable for annexin Al 1 which has an unusual N-terminus. 
The core domain of annexin A 1 1 shows the highest similarity to all 
other human annexins [13,14] and its evolutionary origin lies near 
the root of this family tree [6,15], beginning with the sequential 
duplication of annexin A 13 to annexins A7 and All around the 
emergence of chordates [16,17]. All these observations support 
the view of annexin All as a structural prototype, founding 
member and key functional model of chordate annexins. 

Several functions have been described for annexins in vitro, 
including anti-coagulatory and anti-inflamatory activities and 
involvement in signal transduction, membrane fusion, endo- 
and exocytosis as well as calcium-channel regulation. However, 
little is known about their physiological role in vivo [1,3]. 
Despite their gross structural similarity, annexins have diverged 



Abbreviations used: CCA, convex constraint algorithm; DTT, dithiothreitol; IPTG, isopropyl 0-D-thiogalactoside; Ni-NTA, Ni 2+ -nitrilotriacetate- PA phos- 
phatide acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PS. phosphatidylserine; rTEV, recombinant tobacco 
etch virus. 

1 To whom correspondence should be addressed (e-mail Iizarbe@bbm1 .ucm.es). 
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significantly in terms of their gene regulation, tissue-specific 
expression patterns, subcellular localization of different isoforms 
and features peculiar to individual subfamilies [16,18-20]. 
Moreover, self-association, heterologous annexin interactions and 
the interaction with other proteins have been described to act as 
regulatory mechanisms for the function of some of these proteins 
[1-3]. 

The main structural differences among metazoan annexins 
appear in the non-homologous N-terminal extension, so the 
structural analysis of annexin All could reveal some features 
relevant to its functional specificity. This annexin possesses 
an extensive N-terminal region, rich in proline, glycine and 
tyrosine residues [21,22]. Although several studies have pointed 
out various functional properties of annexin All, including its 
possible role in insulin secretion [23], structural data are limited 
to the primary structure. The N-terminal region of annexin All 
has been proposed to be responsible for its autoantigenicity 
[24], nuclear localization [25] and tyrosine phosphorylation [26]. 
Moreover, the interaction with calcyclin (S100A6) is established 
through amino acids 45-62 [27], analogous to that described for 
annexins Al and A2 with other S100 proteins, namely S100A1 1 
and S100A10, or for p53 with S100B [28-30]. Annexin All 
also binds, through the N-terminus, to the penta-EF-hand family 
proteins ALG-2 (apoptosis-linked gene-2) [31] and sorcin [32]. 

According to all these observations, annexin A 1 1 is probably 
involved in several biological processes and its N-terminal region 
participates prominently in most of them. The aim of the present 
study is to perform a structural characterization of recombinant 
annexin Al 1 to allow a better understanding of the biological role 
of this protein. We have analysed some of the changes that take 
place on calcium binding as this is a key aspect of its functionality. 
We also studied the binding of annexin Al 1 to different phospho- 
lipid vesicles, as well as the consequent structural changes, to 
gain insight into the interaction of this protein with biological 
membranes, as this process may differ from other annexins due 
to its distinctive N-terminus. 



EXPERIMENTAL 

Construction of expression vectors 

The mouse annexin cDNA was cloned previously (U65986) 
[14]. The 2.4 kb clone containing the full-length cDNA sequence 
was used as a template to isolate the coding portion of mouse 
annexin Al 1 by PCR. Oligonucleotide primers, 23 bp long, were 
synthesized according to the published sequence for both ends 
of the coding cDNA. The oligonucleotide sequences created 
Ncol and EcoRl restriction sites to facilitate the insertion of 
coding cDNA into either expression plasmid pPROEX-HTb 
(Life Technologies, Prat de Llobregat, Spain) or pTrc99A (AP 
Biotech, Cerdanyola, Spain). The identities of the final constructs 
pHisAl 1M and pTrcAl 1M were verified by restriction digestion 
and DNA sequencing. 



Protein expression and purification 

JA221 Escherichia coli cells were transformed with the annexin 
A 1 1 expression constructs pTrcA 1 1 M or pHisA 1 1 M. Cells were 
grown at 37 °C in Luria-Bertani medium containing 100 Mg/ml 
ampicillin until the cultures reached/^ 0.5. Recombinant protein 
expression was induced by the addition of 1 mM isopropyl £-D- 
thiogalactoside (IPTG) for different incubation times (1-16 h) and 
at temperatures over the range 25-37 °C. The protein expression 
of total cell homogenates was analysed by SDS/PAGE and then by 



Coomassie Blue staining or Western blotting. Optimal conditions 
for the induction of the expression of recombinant annexin All 
in both cases were 4 h in the presence of 1 mM IPTG at 25 °C. 

Spectroscopic characterization was performed using recom- 
binant annexin All produced in bacteria transformed with the 
construction pHisAl 1M under the optimal expression conditions 
described above. Cells were collected after induction with IPTG 
by centrifugation at 6000 g for 15 min and resuspended in 
50 mM Tris (pH 8.0), containing 0.1 M NaCl, 2.5 mM EGTA, 
2 mM PMSF and 1 mM dithiothreitol (DTT), and ruptured by 
sonication cycles at 4 °C. After stirring for 90 min at 4 °C, the 
homogenate was centrifuged at 27000 g for 90 min at 4 °C. 
The supernatant was loaded on to an Ni 2+ -nitrilotriacetate (Ni- 
NTA)-agarose column, washed with buffer A [50 mM Tris 
(pH 8.0)/0.1 M NaCl/ 1.5 mM 2-mercaptoethanol] containing 
20 mM imidazole. The recombinant protein was eluted with a 
linear gradient of buffer A containing 20-250 mM imidazole, and 
dialysed against 50 mM Tris (pH 8.0), containing 0.1 M NaCl 
and 1 mM EGTA. After the addition of 1 mM DTT, the protein 
was digested with 10 units/ml recombinant tobacco etch virus 
(rTEV) protease (Life Technologies) at 4 °C for 20-22 h and 
dialysed against buffer B [50 mM Tris (pH 8.0)/0.1 M NaCl]. 
Digested annexin was separated from the undigested form and 
from the rTEV protease by an additional Ni-NTA-agarose affinity 
chromatography, taking advantage of the presence of a poly(His) 
tag in the latter molecules. Finally, annexin All was dialysed 
against buffer B containing 1 mM EGTA, to remove traces of 
Ni 2+ that induce alterations in the UV-visible spectra, and then 
against buffer B without EGTA. 

The identity of both digested and non-digested proteins was 
confirmed by amino acid analysis (Beckman 6300 amino acid 
analyser) as described previously [33], which also allowed the 
determination of protein concentration. The molar absorption 
coefficient at 280 nm was obtained from the UV-visible spectra, 
after subtraction of apparent absorption due to light scattering and 
determination of the protein concentration by amino acid analyses 
from aliquots taken directly from the cuvette. 

CD measurements 

CD spectra were recorded at 20 °C in a Jasco J-715 spectro- 
polarimeter equipped with a Neslab RTE-111 thermostat. The 
far-UV CD spectra were monitored between 200 and 250 nm 
using thermostatically controlled cuvettes of 0.1 cm pathlength. 
Melting curves were determined by monitoring the ellipticity 
changes at 208 or 220 nm between 20 and 80 °C at 60 °C/h. All the 
samples were first dialysed against 20 mM Hepes (pH 8.0) and 
0. 1 M NaCl, to minimize pH changes during heating. To analyse 
the influence of calcium concentration on the far-UV spectrum and 
on the melting temperature (T m ) y different protein samples from 
the same stock were prepared with increasing CaCl 2 concen- 
trations up to 75 mM. Samples with equivalent maximal ionic 
strength, obtained by the addition of NaCl instead of CaCl 2 , were 
used as the control. Far-UV spectra and melting temperatures 
were also registered for annexin Al 1 in the presence of 50 nm 
phosphatidylserine (PS) small unilamellar vesicles (molar ratio 
of PS/annexin Al 1 is 800: 1), in the absence (1 mM EGTA) or 
presence of 200 /xM CaCl 2 . 

All spectra were averaged over six scans (ten for annexin All 
in the presence of vesicles) and were corrected by subtracting 
buffer contribution (with or without PS vesicles) from parallel 
spectra in the absence of protein; units are always expressed 
as molar ellipticity/residue ([0W). Prediction of the secondary 
structure from the far-UV spectra was performed using the convex 
constraint algorithm (CCA) as described by Perczel et al. [34]. 
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Fluorescence spectroscopy 

Fluorescence emission spectra were recorded at 20 °C on an SLM 
Aminco 8000C spectrofluori meter with excitation wavelengths 
of 275 nm (global emission) and 295 nm (tryptophan emission), 
and 4 nm excitation and emission bandwidths. The spectra 
were monitored between 295 and 400 nm for global emission 
or 305 and 400 nm for tryptophan emission, using a 0.4 cm 
excitation pathlength and 1.0 cm emission pathlength cuvette. 
Scattering was minimized by crossed Glan-Thompson polarizers. 
Titration of calcium influence at both excitation wavelengths was 
performed by sequential addition of CaCl 2 in the absence or 
presence of 50 nm PS vesicles (molar ratio of PS/annexin Al 1 
is 800: 1) and correcting the spectra for dilution. Acrylamide 
quenching of tryptophan fluorescence was measured using 
emission spectra exciting at 295 nm at increasing acrylamide 
concentration, taking into account the effects of dilution as 
described previously [9]. Care was taken to avoid the inner filter 
effect and the solutions presented always UV absorption at the 
excitation wavelength below 0.04. The Stem-Volmer quenching 
constant (£ sv ) was calculated from the plot of FJF at 340 nm 
against acrylamide concentration, according to the equation 
Fq/F= 1 + tf S v[QL where F 0 is the fluorescence intensity at zero 
quencher concentration and F the intensity at a given quencher 
concentration ([Q]). 



Tyrosine titration 

Titration was performed by the addition of aliquots of 1 M NaOH 
to the protein sample in the absence or presence of 50 mM CaCI 2 , 
using a 1 cm pathlength cuvette. After each addition, the pH 
was measured in the cuvette with a microelectrode and the UV- 
visible absorption spectrum was recorded. Absorption at 295 nm 
due to tyrosinate was determined after subtraction of the apparent 
absorption due to light scattering and taking into account the 
dilution of the sample. The number of tyrosine residues titrated at 
each pH was calculated from the molar ratio [tyrosinate]/[annexin 
All], and the plot of this value against pH renders the titration 
curve. 



Binding to phospholipids and vesicle aggregation assays 

Unilamellar vesicles of PS (Avanti Polar Lipids), phos- 
phatidylcholine (PC), phosphatidylglycerol (PG), phosphatidic 
acid (PA) and phosphatidylethanolamine (PE) (all purchased 
from Sigma) were obtained by hydration of a thin film of dried 
phospholipids in 50 mM Tris (pH 8.0) containing 0.1 M NaCl, 
followed by sonication and extrusion through polycarbonate 
filters of either 100 or 400 nm (Lipex Biomembranes). PE 
vesicles were stabilized by the addition of PC (PE/PC in the 
ratio 4: 1) to avoid artifacts due to the formation of hexagonal- 
phase structures in pure PE liposomes. Small unilamellar vesicles 
(50 nm) were prepared from freshly obtained 400 nm 
vesicles by further extrusion through 50 nm polycarbonate 
filters. 

Purified annexin All and 400 nm vesicles were mixed in a 
lipid/protein constant molar ratio of 800 : 1 with variable calcium 
concentrations in 50 mM Tris (pH 8.0) and 0.1 M NaCl and 
kept at room temperature (20 °C) for 15 min. The final mixture 
(300 /xl) was ultracentrifuged at 1 34000 g at 4 °C for 1 h (Airfuge 
Beckman); the pellet and the supernatant were separated and 
analysed by SDS/PAGE followed by silver nitrate staining or 
Western blotting. Under these experimental conditions, almost no 
sedimentation of free protein was detected in a phospholipid-free 



control. Gels or films were scanned and densitometric analysis 
was performed, obtaining volumograms on a photodocumentation 
system obtained from UVItec (Cambridge, U.K.) and using the 
UVIBand V.97 software. 

Vesicle aggregation was studied using 100 nm vesicles 
(obtained by extrusion through 100 nm polycarbonate filters; 
0.1 mg/ml PS) in the presence of increasing annexin All 
concentrations at 25 °C and triggering the reaction by adding the 
corresponding volume from a concentrated CaCl 2 stock solution. 
Absorption at 360 nm was measured immediately after the 
addition of calcium in a thermostatically controlled cuvette for 
at least 10 min. 



Other procedures 

The isolation of chicken annexin A5 was performed as described 
previously [9,35]. SDS/PAGE was performed by the method 
of Laemmli [36]. Western blotting was performed as described 
previously [37] using either polyclonal anti-bovine annexin Al 1 
antibodies (dilution 1:8000; kindly provided by Dr Hiroyoshi 
Hidaka, D. Western Therapeutics Institute, Nagoya, Japan) and a 
secondary antibody conjugated with horseradish peroxidase (Bio- 
Rad, Madrid, Spain), or using directly a monoclonal peroxidase- 
conjugated anti-poly(His) (Sigma). Polyclonal antibodies against 
recombinant mouse annexin All were raised in rabbit follow- 
ing standard methods. Annexin All concentration in pure 
preparations was determined from the UV-visible spectra, except 
for CD spectroscopy, where quantitative amino acid analysis was 
used. Regression fitting of the experimental data to different 
equations was performed using SigmaPlot software v.8.02 
obtained from SPSS (Chicago, IL, U.S.A.). 



RESULTS 

Purification of recombinant mouse annexin A11 

The expression of recombinant annexin A 1 1 cloned in the vector 
pTrc99A is low in all the experimental conditions assayed; the 
protein is extensively degraded even at 25 °C and short induction 
times, and is mainly expressed in an insoluble form. On the other 
hand, the cloning of the protein in the vector pPROEX-HTb, which 
introduces a His tag in the N-terminus, allows a significantly 
greater expression and minimizes degradation. According to the 
Western blots, using antibodies against the wild-type protein or 
against the poly(His) tag (Figure 1A), the degradation of the 
protein takes place from the N-terminus. Moreover, the His tag 
enables easy purification of annexin All expressed in E. coli at 
25°Cfor4h. 

Figures 1(B) and 1(C) show the electrophoretic and Western- 
blot analyses of samples from the main steps of the purifica- 
tion process. Bacteria were collected by centrifugation and 
homogenized in the presence of 2.5 mM EGTA to obviate inter- 
actions of the recombinant annexin with bacterial membrane 
phospholipids and 1 mM DTT to prevent incorrect disulphide 
bond formation. Centrifugation of the cell homogenate allows 
the separation of the soluble and insoluble fractions (Figures IB 
and 1C, lanes j-1). Approx. 50% of the recombinant annexin 
All remains insoluble either in inclusion bodies or associated 
with the membrane fraction. After removing EGTA by dialysis, 
the soluble fraction was purified by affinity chromatography in 
Ni-NTA-agarose. Whereas bacterial proteins do not bind to Ni- 
NTA-agarose (Figures IB and 1C, lane m), annexin All with 
the His tag elutes only in the presence of imidazole (Figures IB 
and 1C, lane n). Removal of imidazole by dialysis in the absence 
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Figure 1 SOS/PAGE analysis of recombinant annexin A11 expression and 
purification 

(A) Expression of annexin A1 1 was induced in exponentially growing JA221 cells by the addition 
of 1 mM IPTG and incubation at 25 °C lor 4 h (lanes a, d and g), 6 h (lanes b, e and h) and 
8 h (lanes c, I and i), and the expression was analysed by SDS/PAGE followed by Coomassie 
Blue staining (lanes a-c) and Western blotting using antibodies raised against either bovine 
annexin A11 (lanes <M) or the polyps) tag (lanes g-i)- Purification of recombinant annexin 
A1 1 from bacterial cultures induced for 4 h with 1 mM IPTG at 25 °C was performed, followed 
by SOS/PAGE analysis and Coomassie Blue staining (B) and Western-blot analysts with anti- 
(annexin A11) antibodies (C). (B, C) Lane j, bacterial homogenate after protein expression 
induction; lanes k and I, supernatant and sediment respectively after centrifugation of the 
homogenized material in the presence of 2.5 mM EGTA; lane m, flow-through of the Ni-NTA 
chromatography; lane n, pool of fractions containing annexin A11 ; lane o, digestion of poly(His) 
tag containing annexin A1 1 with rTEV protease; lane p, purified digested annexin A1 1 without the 
poly(His) tag; lane q, material retained in the Ni-NTA-agarose chromatography after digestion 
with rTEV protease. 



of bivalent-cation chelating agents induces the autoaggregation 
and precipitation of the protein containing the His tag; a similar 
process takes place if calcium is added to solutions of this protein. 
As this tag is likely to be involved in the autoaggregation of the 
protein, this extension was removed to perform the spectroscopic 
characterization of the protein. Digestion of the protein for 20 h 
at 4 °C in the presence of 10 units/ml rTEV protease yielded over 
70% of digested protein (Figures IB and 1C, lane o). Separation 
of the digested annexin All from the undigested protein and 
from the enzyme was achieved by a further chromatographic step 
in Ni-NTA-agarose; the protease and the undigested annexin Al 1 
are bound to the resin, whereas the digested protein elutes in the 
flow-through (Figures IB and 1C, lanes p and q). 

Identity of the purified proteins was confirmed through amino 
acid analyses and antibodies against the recombinant protein re- 
cognized wild-type annexin A 1 1 from cell extracts in the Western 
blot. The molar absorption coefficient (51761 M" 1 cm" 1 ) was 
determined from the absorption spectrum in the UV-visible 
region after correction for apparent absorption and determination 
of protein concentration by amino acid analysis. 
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Figure 2 Far-UV CO spectra of annexin A1 1 

(A) Representative far-UV CD spectra of annexin A11 without calcium ( ) and in the 

presence of 75 mM CaCI 2 ( ) at 20 and 80 °C are shown in comparison with that of 

chicken annexin A5 at 20 °C in the absence of calcium, and were registered in 50 mM Hepes 
(pH 8.0) and 0.1 M NaCI. (B) Variation in the ratio between molar ellipticities/residue at 222 
and 206.5 nm with calcium concentration. Results are expressed as means + S.D. for at least 
three different spectra (each oi them averaged over six scans). 



CD analysis 

The CD spectrum of annexin All in the far-UV region is 
shown in Figure 2(A) in comparison with the spectrum of 
chicken annexin A5 as reference. Annexin All in the absence 
of calcium presents a minimum at 206.5 nm with a molar 
ellipticity/residue of - 13440 degrees * cm 2 • dmol 1 . This spec- 
trum differs significantly from that of annexin A5, which has a 
relatively short N-terminal extension of approx. 15 residues and 
whose spectrum in the absence of calcium presents two minima at 
208 and 222 nm showing much higher negative molar ellipticities. 
The contribution of the different secondary-structure elements, 
calculated according to the CCA method, reveals that whereas 
annexin A5 possesses over 70% of a-helix, the main contribu- 
tions to annexin All structure are a-helix (29%), random coil 
(31%) and 0-turns (26%). 

Calcium concentrations required for reproducing the annexin 
conformational rearrangements induced in the absence of 
phospholipids are almost three orders of magnitude higher 
than those required in their presence [1,2,10]. Hence, calcium 
concentrations in the millimolar range were used throughout 
these experiments. Addition of calcium to annexin Al 1 induces 
small but significant changes in the far-UV CD spectrum. 
Figure 2(A) also shows the spectrum of annexin All saturated 
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(A) Melting curves of annexin A1 1 in the absence or in the presence of 75 mM CaCI 2 in 20 mM 
Hepes (pH 8.0) and 0.1 M NaCI. The original unsmoothed data are presented as thin lines 
together with the results from noise reduction using the Standard Analysis software obtained 
from Jasco. (B) Dependence of the melting temperature on CaCI 2 concentration (O) was 
analysed by determining T m values at different calcium concentrations. Results represent the 
means +S.D. for at least two independent determinations at each CaCI 2 concentration. O, 
effect of an increase in ionic strength using an NaCI concentration equal to the highest CaCI 2 
concentration. 



with calcium (75 mM CaCl 2 ; molar ratio of calcium/protein 
is approx. 80000: 1). These changes are not induced by the 
increase in the ionic strength of the solvent, since no changes 
in the spectrum are observed when NaCI concentration is 
increased up to 325 mM, equivalent to the presence of 75 mM 
CaCl 2 in a buffer containing 100 mM NaCI. Comparison of the 
spectra in the absence and presence of 75 mM CaCl 2 shows 
a shift in the minimum from 206.5 to 208 nm; this shift is 
already observed at 2mM CaCl 2 and is maintained at higher 
calcium concentrations. Moreover, a gradual increase in the ratio 
between molar ellipticities at 222 and 206.5 nm is observed, 
showing a hyperbolic dependence with the calcium concentration 
(Figure 2B). These changes suggest a slight increase in a-helix 
content induced by calcium binding. In fact, CCA analysis of the 
spectrum at 75 mM calcium yields a 5 % increase in the secondary 
structure (approx. 34%), with a parallel decrease in random coil 
(approx. 24%). 
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Figure 4 Fluorescence emission spectra of annexin A11 after calcium 
binding 

(A) Emission spectra at excitation wavelengths of 275 and 295 nm in the absence of calcium 

( ) or presence of 75 mM CaCI 2 { ) were registered at 25 °C at 295-410 nm 

(Ac = 275 nm) or 305-410 nm = 295 nm). Fluorescence is expressed in arbitrary units; 
the scale for fluorescence emission at an excitation wavelength ol 295 nm has been expanded 
(right axis). Variations in the fluorescence intensity in the emission maxima of tryptophan 
(340 nm, A ex = 295 nm) and tyrosine (301 nm, x„ = 275 nm) with calcium concentration 
have been plotted in (B) and (C) respectively. 

Thermal stability 

The stability of annexin All was analysed by monitoring the 
molar ellipticity at 208 nm as a function of temperature. In 
the absence of calcium, the melting curve shows a co-operative 
unfolding of the protein with a T m of approx. 45 °C (Figure 3A). 
The binding of calcium by annexin All induces a highly 
significant increase in the thermal stability of the protein; in the 
presence of 75 mM CaCl 2 , there is an increase of approx. 14 °C 
in the 7* m , with a slight loss of co-operativity (Figure 3A). The 
variation in the T m with calcium concentration can be adjusted 
to a rectangular hyperbola, showing a midpoint effect at 6.3 mM 
(Figure 3B). Thermal stabilization induced by calcium is specific 
and is not due to alterations in the polarity of the solvent, as an 
increase in ionic strength with NaCI up to 325 mM induces only 
a slight increase in the T m of approx. 2.8 °C. 

Fluorescence emission analysis 

Figure 4(A) shows the fluorescence emission spectra of annexin 
Al 1 at excitation wavelengths of 275 and 295 nm in the absence 
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Figure 5 Acrylamide quenching of tryptophan emission 

Fluorescence emission (A„ = 295 nm) at 20 °C of the unique tryptophan residue in annexin 
A11 was quenched by sequential addition of a concentrated acrylamide stock solution up to 
100 mM. A representative experiment is shown in (A). Fluorescence intensities at 340 nm were 
plotted against acrylamide concentration and fitted to the Stern-Volmer equation (B). Results 
are expressed as means + S.D. for three independent experiments. 

of calcium or in the presence of 75 mM CaCl 2 . The maximum 
in the fluorescence emission spectrum of the unique tryptophan 
residue of annexin Al 1 (Trp 23 ) appears at 340 nm and its position 
was not altered when calcium was added to the solvent, and 
no significant changes were observed in the quantum yield of 
this residue up to 75 mM CaCl 2 (Figure 4B). A maximum in 
the fluorescence emission spectrum at 301 nm is obtained using 
an excitation wavelength of 275 nm. This maximum is almost 
exclusively due to tyrosine residues and its position is not altered 
in the presence of calcium. However, as shown in Figure 4(C), 
a hyperbolic decrease of approx. 15% in the quantum yield of 
these residues is observed in a calcium concentration-dependent 
manner, showing a midpoint at 3.4 mM CaCl 2 , and this effect is 
almost saturated at concentrations higher than 20 mM. 

Acrylamide quenching of tryptophan emission 

To analyse the degree of exposure to the solvent of Trp 23 , we have 
studied the effect of acrylamide on the fluorescence emission 
spectrum obtained at an excitation wavelength of 295 nm. 
Figure 5(A) shows the emission spectra of the tryptophan residue 
at increasing acrylamide concentrations up to 100 mM, which 




Figure 6 Tyrosine titration of annexin A11 

Annexin A11 tyrosine titration was performed by sequential addition of aliquots of 1 M NaOH 
to a protein sample in 50 mM Tris (pH 8.0) and 0.1 M NaCI and by registration of UV-visible 
absorption spectra. The number of titrated tyrosine residues was calculated from the variation 
in absorbance at 295 nm (due to tyrosinate (Tyr-0-)] relative to protein concentration, either in 
the absence of calcium (•) or with 50 mM CaCI 2 (O). 



does not induce artifacts due to the internal filter effect. A 
gradual decrease in the emission intensity is induced by the 
quencher without modification in the position of the maximum. 
Consequently, the tryptophan residue is accessible to acrylamide 
and must be at least partially exposed. The Stern-Volmer analysis 
of the variation in the emission intensity at 340 nm as a function of 
acrylamide concentration is shown in Figure 5(B); the quenching 
constant calculated from this plot is 12.7 M _I . 

Tyrosine titration 

Tyrosine titration was achieved by registration of the UV-visible 
spectra of the recombinant annexin All, in the absence or 
presence of 50 mM CaCl 2 , at increasing pH by the addition of 
NaOH. At this calcium concentration, binding in the absence 
of phospholipids should be saturated. Appearance of tyrosinate 
(Tyr-0~) residues was followed at 295 nm. 

Titration in the absence of calcium distinguishes two main 
populations of tyrosine residues: buried tyrosine residues with a 
pAa of approx. 1 2 and tyrosine residues, which are at least partially 
exposed, with a pK 3 of approx. 10.5; an additional subpopulation 
of partially exposed tyrosine residues can also be suggested with 
a pK a of 11.6 (Figure 6). Under these conditions, 23 of the 25 
tyrosine residues are at least partially exposed. After the addition 
of 50 mM CaCl 2 , only 19 of the total 25 tyrosine residues of the 
protein remain exposed. It was not possible to titrate the buried 
tyrosine residues because protein aggregates at pH higher than 
1 1 .9 in the presence of calcium. 

Phospholipid binding and vesicle aggregation 

We have analysed the interaction of recombinant annexin All 
with phospholipid vesicles (400 nm) by ultracentrifugation and 
electrophoretic analysis of the supernatants and pellets either 
in the absence (1 mM EGTA) or presence of 500 ^M CaCl 2 . 
Figure 7 shows the result of the analysis using liposomes com- 
posed of acidic (PA, PS or PG) and neutral (PC or PE/PC in the 
ratio 4:1) phospholipids. Our results suggest that recombinant 
annexin All is not capable of interacting with PC vesicles in 
the presence or absence of calcium. However, it is capable of 
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Figure 7 Binding of annexin A11 to phospholipid vesicles 

The binding of annexin A11 to 400 nm vesicles with different phospholipid compositions [PC, 
PG, PS, PA or PE/PC in the ratio 4 : 1] was performed by ultracentrifugation in the absence of 
calcium (1 mM EGTA) or in the presence of 500 /xM CaCI 2 and using a lipid/protein molar ratio 
of 800": 1. The percentage of annexin A11 in the pellets (white bars) and in the supernatants 
(black bars) was analysed by SDS/PAGE followed by Western-blot analysis using anti-(annexin 
A11) antibodies and densitometry of the films. 



interacting with the neutral phospholipid PE, and with PA, PS 
and PG, in the presence of 500 /xM CaCl 2 . Furthermore, we 
have found that annexin All interacts in a calcium-independent 
manner, although to a lower extent, with PE (approx. 22%) and 
that there is a certain degree of calcium-independent interaction 
with PA (approx. 17%) and PS (approx. 15%). 

A more detailed analysis of the calcium dependence in the 
interaction of annexin All with PS vesicles is shown in 
Figure 8(A). Approx. 15 % of annexin Al 1 binds to the vesicles 
in the absence of calcium, and the bound protein percentage 
follows a hyperbolic dependence on calcium concentration. 
At 28 fiM CaCl 2 , 50% of the total binding to PS vesicles 
was achieved. Additionally, annexin All induces aggregation 
of PA vesicles at 500 ^iM CaCl 2 , but does not induce PS 
vesicle aggregation at calcium concentrations lower than 1 mM, 
even at high protein concentrations. Figure 8(B) shows that no 
aggregation is found at 500 /xM CaCl 2 using a relatively high 
annexin All concentration (HOnM). At 1 mM CaCl 2 , slow 
vesicle aggregation is observed in the absence of annexin, but 
addition of the protein speeds up this process in a concentration- 
dependent manner, from 5.5 to 1 10 nM (Figure 8B). 

Spectroscopic analysis of annexin A11 in the presence 
of phospholipid vesicles 

We have analysed the possible conformational changes in annexin 
Al 1 after its binding to PS vesicles using CD spectroscopy in the 
far-UV region (Figure 9A). The addition of PS vesicles (50 nm) 
in the presence of 1 mM EGTA induces a slight modification of 
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Figure 8 Calcium-dependent aggregation and binding of annexin A11 to 
PS vesicles 

(A) Annexin A1 1 was mixed with PS vesicles (400 nm) at a lipid/protein molar ratio of 800 : 1 
in the presence of increasing calcium concentrations. Quantification of the percentage of bound 
protein was done by ultracentrifugation and SDS/PAGE analysis of the pellets and supernatants, 
followed either by silver nitrate staining or by immunodetection of annexin A1 1 . The inset shows 
a representative experiment analysed by Western blot. (B) Annexin A11 -induced aggregation 
of PS vesicles (100 nm; 0.1 mg/ml) was followed by monitoring the changes in absorbance 
at 360 nm at 25 °C after the addition of 1 mM CaCI 2 . The different protein concentrations 
are indicated (5.5-1 1 0 nM). The self-aggregation of PS vesicles in the presence of 1 mM CaCI 2 
(control) is also shown. No vesicle aggregation was observed in the presence of 500 
CaCI 2 even at 1 10 nM protein concentration indicated by an asterisk. 

the spectrum, which mainly affects the region between 200 and 
210 nm probably due to light-scattering effects. When 200 /xM 
CaCl 2 is added to the mixture, a concentration high enough to 
induce an almost total binding of annexin All to PS vesicles, a 
more significant change is observed in the spectrum with a less 
negative minimum at 208 nm and an increase in the negative 
ellipticity at 222 nm. These changes are consistent with an 
increase in the a-helical content (approx. 9 % according to CCA 
analysis) and a parallel decrease in the random-coil structure. The 
CD spectrum of annexin All with PC vesicles does not change 
after the addition of calcium and is almost identical with that 
obtained with PS in the absence of calcium (results not shown). 

The influence of phospholipid vesicles, in the absence or 
presence of calcium, on the thermal stability of annexin Al 1 has 
been analysed by monitoring the changes in molar ellipticity at 
220 nm to avoid light-scattering artifacts (Figure 9B). In the 
absence of vesicles, the T m of annexin Al 1 is 45 °C as described 
above at 208 nm (Figures 3A and 9B). The addition of PS in 
the absence of calcium does not change this value but involves a 
loss of co-operativity and a modification in the final state at 80 °C. 
On the other hand, addition of calcium to a final concentration 
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Figure 9 CD analysis of the interaction of PS vesicles with annexin A1 1 

(A) Representative far-UV CD spectra of annexin A11 (0.12 mg/ml) in the absence ( ) or 

presence of PS vesicles (molar ratio of lipid/protein is 800 : 1) either without (1 mM EGTA- 

) or with 200 pM CaCI 2 ( ) at 20 and 80 °C. Spectra of annexin A11 with PC 

vesicles either in the absence or presence of calcium are not shown, as they are almost identical 
with those with PS vesicles in the presence of 1 mM EGTA. (B) Annexin A11 melting curves in 
the absence (1 mM EGTA; •) or presence of PS vesicles without (A) or with 200 iM CaCI 2 
(A) as well as in the presence of PC vesicles and 200 /iM CaCI 2 (□). Molar elliplicity/residue 
was registered at 220 nm; noise reduction was performed using the Standard Analysis software. 
Melting temperatures determined from the maximum of the first derivative of each curve are also 
shown. 



of 200 fxM increases the T m up to 64 °C; this process is less co- 
operative and the final denatured state is different. When this 
analysis is performed under the same experimental conditions but 
using PC vesicles in the presence of 200 jxM CaCl 2 , only a slight 
increase in the T m (approx. 3 °C) is observed. 
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Figure 10 Analysis of the tryptophan fluorescence emission spectra after 
the binding of annexin A1 1 to PS vesicles 

(A) Emission spectra at the excitation wavelength ol 295 nm in the absence ( ) or 

presence of PS vesicles without {1 mM EGTA) ( ) and with 200 CaCI 2 ( ); 

shows the spectra after the addition of EGTA (1 mM final concentration) to the 

sample with 200 ^M CaCI 2 . All spectra were recorded at 20 °C from 305 to 400 nm. 

(B) Effect of increasing calcium concentration on annexin A1 1 tryptophan fluorescence intensity 
at 332 nm in the presence of PS vesicles (•). The fluorescence intensities at 332 nm in the 
absence of PS vesicles and calcium (V) and after the addition of PS vesicles (white arrow) and 
200 ^M CaCI 2l followed by addition of EGTA at 1 mM final concentration (black arrow, O) are 
shown. 



When annexin All is thermally denatured in the absence of 
phospholipid vesicles, macroscopic aggregation of the protein is 
observed. However, this process is prevented in the presence of 
vesicles with or without calcium. Thus the spectra of the denatured 
protein significantly differ and some secondary structure remains 
mainly in the presence of calcium and PS, as shown in 
Figure 9(A). 

Fluorescence emission spectra of annexin Al 1 at an excitation 
wavelength of 295 nm are shown in Figure 10(A) in the absence 
or presence of PS vesicles and without (1 mM EGTA) or with 
200 /xM CaCl 2 . Addition of vesicles to annexin All induces a 
shift in the position of the emission maximum from approx. 340 
to 332 nm. Addition of calcium does not modify this wavelength 
but increases the tryptophan quantum yield. The variation 
in fluorescence intensity at 332 nm with calcium concentration 
shows a midpoint effect at 25 /xM CaCl 2 (Figure 10B). In 
Figure 10(B), the inverted triangle indicates the emission intensity 
in the absence of phospholipids (lower due to the maximum 
position shift), and the diamond indicates the decrease in intensity 
achieved by the addition of EGTA (1 mM final concentration) to 
the sample with PS vesicles and 200 /xM CaCl 2 . The changes 
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in the fluorescence emission spectrum are not fully reversible 
after removal of calcium, as the tryptophan maximum remains 
at 332 nm and only a slight decrease in the quantum yield is 
observed. 

Structural model 

The sequence and deduced secondary structure of annexin Al 1 
were expanded into a multiple-sequence alignment to facilitate 
comparative and evolutionary studies, and a virtual three- 
dimensional model was created by sequence-threading through 
the crystallography coordinates of known annexin structures. 
Annexin All homologues, identified in 20 vertebrate species, 
are represented by the mammal, bird, amphibian and fish 
proteins aligned in Figure 1 1(A). The greater sequence variability, 
alignment gaps and unique amino acid composition of the N- 
termini are evident, with an increased percentage of proline 
(28%), glycine (20%) and tyrosine (9%) and a tryptophan 
residue (Trp 23 ), which contrast with conserved type II calcium- 
binding sites and congruent structures of the tetrad core, in spite 
of the evolutionary distances between these species. Secondary- 
structure predictions (http://www.expasy.org) determined that 
the N-terminus would be expected to adopt a random-coil 
conformation except for one short or-helical segment ('h' strings 
in Figure 11 A), whereas each tetrad core repeat contains the 
five or-helices common to other annexins. The observation 
that the 12 paralogous human annexins exhibit only 45-55% 
amino acid identity suggested that subfamily differences might 
be accounted for by variable sites non-critical for function as 
well as by synaptomorphic sites under functional constraint 
acting as determinants of subfamily specificity. Although annexin 
All was an ancestral progenitor of other paralogous annexins 
and thus shares many features in common [16], we sought to 
identify sites uniquely conserved among annexin Al 1 members. 
The DIVERGE vl.04 program from Gu [38] (available at 
http://www.phyba.iastate.edu/) computed 'evolutionary impact* 
values for each residue in a global sequence alignment and 
identified Cys 224 and Cys 409 as structurally relevant differences 
from other annexins with high divergence impact that implied 
functional specificity for annexin All. Together with four other 
cysteine residues common to other annexins, these may contribute 
additional structural stability and redox susceptibility to annexin 
All members. 

A three-dimensional model of annexin All was generated 
using the Deep View/Swiss-Pdb Viewer v3.7 computer program 
[39] and the Swiss-Model server (http://www.expasy.org/). These 
utilized public X-ray crystallography data [40] for full-length pig 
annexin Al and human and rat annexin A5 (Protein Data Bank 
entries 1MCX, 1ANX and 1A8A) in the 'high-calcium' form 
to thread the mouse annexin A 1 1 amino acid sequence into a 
three-dimensional model for the homologous tetrad core region 
(Figure 1 IB). This representation serves to illustrate the spatial 
proximity between residues and domains that might otherwise 
appear distant in sequence alignment format. Thus the residues 
involved in the type II calcium binding to phospholipids 
(mkGxGT-38aa-D/E) appear co-ordinated on the external convex 
surface of the molecule near Cys 409 , whereas the N-terminus 
(where Trp 23 is located) is orientated towards the opposite, 
concave (cytosolic) side of the molecule. Deep View program 
identified four tyrosine residues classified as not exposed to 
the solvent and within potentially buried a-helical coils: Tyr 312 
and Tyr 471 (< 1 % exposure); Tyr 491 (<2%); and Tyr 396 (<4%) 
(Figure 1 1A). Thus it is highly probable that these residues are 
among those showing a higher pK 9 value in the tyrosine titration in 
the presence of calcium. The other five core tyrosine residues were 



predicted to be exposed (24-28% exposure). When the three- 
dimensional model of annexin Al 1 was obtained by comparison 
with the only known annexin X-ray structure in the absence 
of calcium (full-length pig annexin Al; PDB entry 1HM6), 
only Tyr 312 and Tyr 471 were predicted to be completely buried 
(< 1 % exposure); Tyr 491 and Tyr 396 present approx. 10 and 15 % 
exposure respectively. The interchangeability of Tyr and Phe at 
certain positions between fish and higher vertebrates suggests 
the functional importance of bulky and/or hydrophobic residues 
at these positions relative to the interloop calcium-binding 
ligands. This model is consistent with our experimental findings 
and testifies to the structural relevance of uncharged cysteine and 
tyrosine residues to annexin function. 



DISCUSSION 

The eukaryotic annexin superfamily has been widely studied 
since the identification of its first members 25 years ago. The 
resolution of the crystal structure of some of these proteins with a 
short or truncated N-terminal extension [7,41-43] has provided 
a detailed structural knowledge of the core domain and the effects 
of calcium binding on this structure. However, the structural 
diversity of N-termini and the disparate functions assigned to these 
proteins emphasize the significant contribution of this distinctive 
extension to the functional divergence of animal annexins. The N- 
terminus is therefore considered to be a specific regulatory domain 
of annexins [1-3], although its structure and relationship with the 
core domain still remain poorly understood. Whereas the 314- 
amino-acid tetrad core region of annexin A 1 1 is highly conserved, 
its extensive N-terminal region varies in length among vertebrate 
members (171-221 residues) and presents a high content of 
proline, glycine and tyrosine residues [21,22]. These unusual 
features aroused our interest in performing a structural study of 
annexin All. 

Annexin A 1 1 has been isolated previously from bovine and 
rabbit lung [22,44] or as a fusion protein with glutathione 
S-transferase or with the mannose-binding protein [27,31]. 
However, to perform a spectroscopic characterization, the protein 
should be similar to the wild-type form and relatively large 
amounts of purified protein were required. We achieved a high 
yield in the expression of soluble annexin All in E. coli by the 
addition of a His tag, even though approx. 50% of the protein 
remains insoluble in the cell homogenate. This insertion also 
minimizes the extent of degradation and simplifies the purification 
process via affinity chromatography, which further removes N- 
terminally degraded forms. The requirement for chelating agents 
to prevent precipitation when imidazole is removed after the 
chromatography points out that the His tag is capable of inducing 
autoaggregation of annexin All, acting as a bridge between 
different molecules in the presence of cations such as Ni 2+ or 
Ca 2+ . Although the addition of calcium induces aggregation of the 
protein containing the His tag, this does not occur when the tag is 
removed. The use of reducing agents throughout the purification 
procedure prevents the oxidation of the redox-sensitive free 
cysteine residues that seem to be important for annexin All 
function, as mentioned above. Recombinant annexin All was 
obtained with only small modifications from the wild-type, a 
change in position 2 from Ser to Gly and the addition of Gly-Ala 
at the N-terminus, which are not likely to have any effect on the 
structure or functional properties of annexin All. 

The main secondary-structure element present in the highly 
conserved annexin core is the a-helix [7-10]. Accordingly, the 
CCA analysis of the CD spectrum of annexin A5, which possesses 
a very short N-terminus of 15 amino acid residues and whose 
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Figure 11 Annexin A11 sequence alignment and three-dimensional model 

(A) Amino acid sequence alignment of annexin A11 from species representing mammal (Mmu, mouse, Mus musculus), bird (Gga, chicken, Galius galius), amphibian (Str western clawed frog 
Silurana tropicalis) and fish duplicate genes (Dre, zebrafish, Danio mo). The N-termini (top panels) contain Trp 23 and increased proline, glycine and tyrosine content, whereas the four homologous 
repeats of the tetrad core region below identify conserved cysteine residues (boxed), tyrosine residues (reverse-shaded), type II calcium-binding motifs 'mkGxGT^Saa-D/E' (beneath arrows) and 
residues highly preserved in all annexins (indicated by asterisks). The *h' clusters in each repeat correspond to the five a-helical loops A, B, C, D and E. (B) A three-dimensional protein model of the 
homologous tetrad core of mouse annexin A1 1 was derived by sequence threading through X-ray crystallography coordinates of pig annexin A1 and human and rat annexin A5 by DeepView/SwissPDB 
v3.7 [39] and SwissModel (available at http://www.expasy.org/). The predominant a-helical backbone structure portrays the four major calcium co-ordination sites on the upper convex surface 
together with strategically located cysteine and tyrosine residues. The carbonyl groups and acid residues proposed to be involved in calcium co-ordination are shown. The attachment origin 187 for 
the non-homologous N-terminus (not shown in full) extends from the lower concave side. The Figure was prepared using the MOLMOL program [54). 

crystal structure is well known, shows over 70% of a-helix a-helix (29%), random coil (31%) and £-turns (26%). The 
[9,10,35]. This is not the case for annexin All, as can be remaining 14% is assigned to extended p -strands; however, this 
easily observed from the comparison of the spectrum with that percentage must arise from artifacts derived from the application 
of annexin A5. CCA analysis reveals three main contributions: of the CCA, since secondary-structure predictions based on the 
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amino acid sequence indicate a very low theoretical percentage 
of these structures. There are no structural studies concerning 
this annexin, but the structural features of the core domain and 
the relatively high degree of similarity to other annexins of 
known three-dimensional structure suggest that the a-helical 
contribution probably arises from the protein core. From the 
studies performed with the N-terminus, the existence of an a- 
helix involved in S100A6 binding has been suggested [27,45], 
in a way similar to those described for p53 with S100B, and 
annexins Al and A2 with S100A11 and S100A10 respectively 
[28-30]. 

According to the secondary-structure predictions based on the 
amino acid sequence of the N-terminal extension, this region 
would be mainly in random coil except for the theoretical 
amphipathic a-heiix. However, the particular amino acid sequence 
of the N-terminus (rich in glycine, proline, tyrosine and 
glutamine) suggests the formation of poly(Pro) £-turn helices 
that would be responsible for the high fl-turn percentage detected. 
These atypical secondary structures have been detected in the N- 
terminus of annexin A7 [46], whose sequence, although shorter, is 
quite similar to that of annexin All. Accordingly, the N-terminus 
would account for both random-coil and £-tum contributions 
predicted from the CD spectra. 

In general, the annexin core domain is known to be quite 
stable, with a higher T m for those annexins with a short N- 
terminus [10]. The presence of a long N-terminal extension could 
induce a destabilization of the core domain. In fact, the T m 
for annexin A 1 1 is approx. 6 °C lower than that of human annexin 
A5, which has one of the lowest T m among mammalian 
annexins. The change in the negative molar ellipticity at 208 nm 
with increase in temperature is mainly a reflection of a-helices 
unfolding to unordered structure. As the melting curve shows only 
one co-operative transition, the unfolding of the protein core and 
any hypothetical a-helix from the N-terminus must take place 
simultaneously. 

Calcium binding does not greatly affect the CD spectrum of 
annexin All. For other members of the family, the secondary- 
structure changes described after calcium binding are also small, 
implying mainly three-dimensional modifications of the calcium- 
phospholipid-binding sites with an increase in the percentage of 
ar-helix and a rearrangement of the protein core [9,10,47]. The 
analysis of the CD spectra of annexin All reveals a hyperbolic 
increase in the ratio between molar ellipticities at 222 and 
206.5 nm with calcium concentration. On calcium binding, this 
ratio increases towards that of pure a-helix, pointing to a higher 
contribution of this structure with a concomitant decrease in 
random coil. This hypothesis is also supported by the CCA 
analyses of the spectra, which suggest a 5-6 % increase in ar- 
helix with an equivalent decrease in random coil. Even though 
it has been described that saturation with calcium of annexins 
with short N-termini induces a similar increase in the percentage 
of or-helix [9,10], the total number of residues involved should be 
considered. Thus, whereas only 16-19 residues change in annexin 
A5 core, 25-30 residues may become a-helical in annexin All. 
Owing to the structural similarity among the protein cores in 
different annexins, the increase in the a-helical content in annexin 
All cannot be completely explained by the conformational 
rearrangements of the protein core, and probably involves changes 
in its N-terminus as well. 

In contrast with the relatively small conformational changes 
observed, calcium induces a great thermal stabilization, increasing 
the T m by approx. 14 °C. This increase is larger than that 
observed for other mammalian annexins such as human annexin 
A5 (approx. 10 °C) [10]. Moreover, the calcium-bound states of 
annexin A5 and annexin All have a similar thermal stability, 



whereas calcium-free annexin All shows a lower stability. 
Taking into account the degree of homology of the annexin 
core, differences, quite probably in the N-terminal region, 
are responsible for the changes in protein stability. Therefore 
we propose that the long N-terminus in annexin All has a 
destabilizing effect in the calcium-free state; structural changes 
after calcium binding contribute to stabilization of the protein 
and the T m of annexin All approaches that of annexin A5. It 
remains to be explained how this interaction could take place, 
but it is tempting to speculate with a mechanism resembling that 
described for annexin Al [8]. This annexin binds to S100A11 
through an amphipathic or-helix, which, in a calcium-free state, 
inserts into domain III, displacing helix 3D. The full-length crystal 
structure of annexin Al has been obtained recently, showing that 
calcium binding induces the refolding of helix 3D pushing the 
N-terminus outside the annexin core [48], thus enabling the in- 
teraction with S100A11. In addition to the stabilizing effects, 
this mechanism also involves an increase in a-helix due to the 
refolding of helix 3D. 

Tertiary structure analysis through fluorescence studies reveals 
that Trp 23 is completely exposed to the polar solvent either in 
the presence or absence of calcium, as the maximum of emission 
remains at 340 nm under both conditions and there is no decrease 
in intensity due to calcium binding. Acrylamide quenching 
also supports this observation, as the obtained Stern- Volmer 
constant is 12.7 M"\ characteristic of an almost totally exposed 
tryptophan residue. Whereas free tryptophan residues or N- 
acetyl-tryptophan-amide show a K S v of approx. 16 • M" 1 , exposed 
tryptophan residues in proteins present values between 10 and 
14M~ ! [49]. On the other hand, tyrosine emission decreases 
with increase in calcium concentration. This decrease is probably 
due to a change in the microenvironment of some tyrosine 
residues to a more hydrophobic one, where interactions that 
stabilize the polar group of this residue result in the quenching 
of emission. To confirm this observation, tyrosine titration 
was performed in the calcium-free and calcium-bound state. 
According to the titration, in the absence of calcium two tyrosine 
residues are buried, whereas the calcium-bound state presents 
six buried tyrosine residues. Therefore the addition of calcium 
induces a conformational change in annexin All that implies 
the translocation of some tyrosine residues from a polar to 
a hydrophobic environment, whereas Trp 23 remains unaltered. 
Taking into account the similarity between the putative amphipatic 
a-helix in the N-terminus of annexin All and that described 
in the N-terminus of annexin Al, one could speculate that 
the N-terminus would be even more exposed to the solvent 
in the presence of calcium. Thus at least some of the tyrosine 
residues internalized in the presence of calcium are probably 
located in the protein core. This hypothesis is strongly supported 
by the surface analysis of the proposed structural model, where the 
highly conserved residues 312, 396, 471 and 491 are predicted 
to be buried in the protein core. Among these residues, Tyr 312 
and Tyr 396 could be the ones buried in the calcium-free state, 
as they are the only ones predicted as buried in the calcium- 
free model. It is not possible to locate the remaining two tyrosine 
residues titrated as internal in the presence of calcium, as the three- 
dimensional models cannot predict the structure and position of 
the N-terminus. 

Functionally, annexin All interacts with acidic phospholipid 
and PE vesicles in a calcium-dependent fashion, whereas 
no binding is observed with PC, as shown previously with 
wild-type annexin All [22]. Partial binding in the absence 
of calcium was observed to PE, PA and PS vesicles as 
described for other annexins [50-52]. Phospholipid specificity 
is generally conserved in calcium-independent binding, and 
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this is likely to be the case for annexin All. There must be 
two contributions to the interaction with phospholipids under 
these conditions: a specific polar recognition and a hydrophobic 
interaction. The N-terminus of annexin All may be able to 
insert into the bilayer and establish hydrophobic contacts with 
the phospholipids, but this would imply a reorientation of the 
N-terminus from the concave/cytosolic side towards the cell 
membrane. 

Binding of annexin All to PS vesicles shows a hyperbolic 
dependence on calcium concentration. The interaction requires 
calcium concentrations in the micromolar range, with 50% 
binding achieved at 28 fiM. Consequently, there is a great increase 
in calcium affinity in the presence of phospholipids as has been 
observed for other annexins [1,2,47]. Calcium requirement for 
PS binding of annexin All is higher than that of annexin A2 
and lower than that for annexin A5 [1], These differences could 
account for the development of divergent functions throughout 
vertebrate evolution. Annexin A 1 1 induces PS vesicle aggregation 
only at non-physiological calcium concentrations (> 1 mM) at 
which this cation itself acts as a bridge for vesicle aggregation. 
However, annexin All is able to accelerate the aggregation 
process in a protein concentration-dependent manner. These 
results formulate a role for annexin Al 1 in aggregation processes 
in vivo, where the presence of other proteins such as S 1 00A6 could 
modify calcium requirements, as described for other annexins. For 
example, calcium requirement of annexin A2 for the induction 
of vesicle aggregation is significantly reduced in the presence of 
S100A10[53]. 

Spectroscopic analyses of the interaction of annexin All 
with PS vesicles give further support to the above observations. 
Addition of PS vesicles in the absence of calcium induces only 
a small change in the CD spectrum, which does not affect the 
thermal stability of the protein, although a loss of co-operativity 
in the melting curve is observed. Taking into account that annexin 
All is capable of interacting weakly with PS in a calcium- 
independent manner, this interaction could be responsible for 
the observed conformational change. However, CD spectroscopy 
shows that annexin A 1 1 suffers a conformational rearrangement 
after vesicle binding in the presence of calcium. Calcium- 
dependent binding to PS vesicles induces an increase in a-helical 
content similar to the addition of calcium in the absence of 
phospholipids, but to a higher extent (approx. 9 % versus 5-6 % ). 
The observed change is again too large to be exclusively due to 
changes in the protein core; therefore the N-terminus is likely 
to be involved in this process. 

Calcium-dependent binding to PS vesicles is also accompanied 
by a large increase (approx. 20 °C) in thermal stability, higher 
than that described for calcium binding alone, and the loss of 
co-operativity is also remarkable. All these changes must be 
the consequence of a strong specific interaction, as they are not 
observed when using PC vesicles. In this case, the small increase in 
T m could be due only to binding of calcium to the protein without 
interaction with the vesicles, and thus no loss of co-operativity is 
displayed. 

In addition to these results, fluorescence studies support a role 
of the N-terminus in both calcium-independent and calcium- 
dependent interactions with PS vesicles. The environment of the 
N-terminal Tip 23 was modified when vesicles were added to 
the protein preparation in the absence of calcium, with a 
significant blue-shift in the emission maximum corresponding 
to a change from an almost total exposure to the solvent to a 
more hydrophobic environment. However, taking into account 
that the quantum yield was not modified significantly, this residue 
probably remained partially in contact with the solvent. Once 
again, this observation supports the notion of a weak calcium- 



independent interaction, probably through the N-terminus of 
annexin All establishing hydrophobic contacts with the bilayer. 

Addition of calcium to the annexin/vesicle mixture is 
characterized by an increase in the tryptophan quantum yield, 
which presents a midpoint effect almost coincident to that 
observed in the ultracentrifugation studies. This increase is 
probably due to the insertion of Tip 23 into the lipid bilayer, which 
would protect this residue from solvent quenching. Furthermore, 
the addition of excess EGTA is not able to reverse the interaction, 
so there must be a hydrophobic component in the binding that 
accounts for this effect. 

This original structural characterization of annexin Al 1 reveals 
that the N-terminus, the longest of all known mammalian 
annexins and containing unusual composition and repeat patterns, 
contributes significantly to the overall annexin structure. The 
analysis of the structural conservation of annexin All using a 
combination of primary- and secondary-structure analyses, three- 
dimensional models and the evolutionary divergence offers a 
novel insight into its key functional determinants. This annexin 
has one of the lowest melting temperatures in vitro (45 °C) and 
calcium binding promotes subtle rearrangements in the secondary 
and tertiary structures of the protein to induce significant 
thermal stabilization. The recombinant protein binds to acidic 
phospholipids in a calcium-dependent manner as described for 
other annexins; it also shows calcium-independent binding, but 
to a lower extent. These results suggest that the binding of 
annexin All to PS vesicles presents both hydrophobic and 
polar contributions due to the N-terminus and the annexin 
core respectively. According to the spectroscopic data, a two- 
step mechanism can be proposed. First, a weak interaction is 
established through surface hydrophobic contacts with some 
degree of polar specificity; secondly, after the addition of calcium, 
a tight binding to the lipid bilayer takes place, enabling in this 
way the partial insertion of the N-terminus, which reinforces 
the interaction. It remains however to be determined whether 
calcyclin, sorcin or ALG-2 interaction with annexin All will 
influence its binding to lipid bilayers. 

We are grateful to Dr Hiroyoshi Hidaka for kindly providing a polyclonal antibody raised 
against bovine annexin A11. This work was supported by grant nos. PM98-0083, PB98- 
1529 and BMC2002-01407 from the Direcci6n General de Investigation (Spain). 
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SUMMARY 

Annexins form a family of proteins that are widely 
expressed and known to bind membranes in the presence 
of calcium. Two isoforms of the annexin XIII subfamily are 
expressed in epithelia. We previously reported that annexin 
XHIb is apically localized in MDCK cells and that it is 
involved in raft-mediated delivery of apical proteins. We 
have now analyzed the properties of annexin XHIa, which 
differs from annexin XIHb by a deletion of 41 amino acids 
in the ammo-terminal domain, and is distributed both 
apically and basolaterally. Annexin XHIa binding to 
membranes is independent of calcium but requires its 
myristoyl amino-terminal modification, as observed with 
annexin XIHb. Our biochemical and functional data show 



INTRODUCTION 

13 annexins have so far been identified in mammals, but 
members of the family are spread out all over the eukaryotic 
kingdom (Morgan and Fernandez, 1997). Each annexin has a 
distinct N terrninus and annexins are homologous in the C- 
terminal core, a domain of 30 kDa that harbors calcium binding 
sites (Liemann and Huber, 1997). In vitro binding experiments 
between purified annexins and liposomes have suggested that 
calcium ions bridge the protein to the negatively charged head 
group of phospholipids. Annexins are described as calcium- 
dependent phospholipid-binding proteins that translocate from 
the cytosol to the membrane in response to an elevation of the 
intracellular calcium concentration. This property of the core 
domain was demonstrated in artificial systems but seems to 
operate in living cells as well (Campos et al., 1990; Ernst, 
1991; Trotter et al., 1994, 1995; Selbert et al., 1995, 1996; 
Barwise and Walker, 1996; Chasserot et al., 1996). 

How annexins perform their functions after membrane 
binding remains unclear (Liemann and Lewit-Bentley, 1995; 
Lecat and Lafont, 1999). Based on the finding that annexins 
can aggregate or even fuse membranes in a calcium-dependent 
manner in vitro, annexins have been proposed to regulate 
membrane fusion events (Ernst et al., 1991; Creutz, 1992; 



that annexin XHIa behaves differently in the apical and in 
the basolateral compartments. Whereas annexin XHIa 
apically can associate with rafts independently of calcium, 
the basolateral pool requires calcium for this. Annexin 
XHIa, like annexin XIHb, stimulates apical transport of 
influenza virus hemagglutinin but, in contrast, only 
annexin XHIa inhibits basolateral transport of vesicular 
stomatitis virus G protein. Our results suggest that annexin 
XHIa and XIHb have specific roles in epithelial cells, and 
because of their structural similarities, these isoforms offer 
interesting tools for unravelling the functions of annexins. 

Key words: Membrane traffic, MDCK cell, Protein sorting, Annexin 



Emans et al., 1993; Bitto and Cho, 1998). Studies in the cellular 
context confirmed that several annexins play a role in 
membrane trafficking but there is little support for their 
proposed function in membrane fusion (Harder and Gerke, 
1993; Burgoyne and Clague, 1994; Donnelly and Moss, 1997; 
Carroll et al., 1998; Kamal et al., 1998; Konig et al., 1998). 
Annexins were also shown to have calcium-channel activities 
upon association with liposomes (Chen et al., 1993; Demange 
et al., 1994; Arispe et al., 1996; Liemann et al., 1996; Hofmann 
et al., 1997). In vitro studies have suggested that annexins I and 
XII can be inserted into the bilayer (Luecke et al., 1995; 
Langen et al., 1998; Rosengarth et al., 1998); however, studies 
in cells have not substantiated a role for annexins to form 
calcium channels. Instead, annexins have been shown to 
regulate the activity of several ion channels (Kaetzel et al., 
1994; Nilius et al., 1996). 

We previously cloned the cDNA encoding canine annexins 
XUJa and Xlllb from an epithelial Madin-Darby Canine Kidney 
H cell (MDCKII) cDNA library (Fiedler et al., 1995). Annexin 
XIHb has an insertion of 41 amino acids after the first four 
amino acids of the sequence that are common to both isoforms. 
We demonstrated that annexin Xlllb is involved in apical 
exocytosis of polarized MDCKII and is associated with specific 
lipid microdomains (Fiedler et al., 1995; Lafont et al., 1998b). 
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Apical exocytosis, contrary to basolateral exocytosis, is 
dependent on the integrity of these microdomains, called 'rafts' 
(Keller and Simons, 1998). Rafts consist of assemblies of 
sphingolipids and cholesterol (Simons and Ikonen, 1997), 
which form liquid-ordered phases segregated in a dynamic 
fashion from the other lipids (Ahmed et al., 1997; Brown and 
London, 1997; Brown, 1998; Rietveld and Simons, 1998). They 
function by forming platforms for proteins that specifically 
partition into these lipid assemblies (Simons and Ikonen, 1997; 
Brown and London, 1998). Annexin Xllla was identified by 
northern blot analysis as an intestinal-specific annexin and 
shown by immunofluorescence studies on tissues to localize 
mainly at the apical plasma membrane of enterocytes with a 
faint staining on their basolateral plasma membrane (Wice and 
Gordon, 1992). The localization of annexin Xllla could not be 
inferred from these studies, however, because the antibody used 
recognized two proteins: a 36 kDa protein corresponding to 
annexin XHIa and a 40 kDa protein that we later identified as 
annexin Xlllb. In this paper, we have compared the subcellular 
distribution and functional properties of annexin Xllla with 
those of annexin XHIb in MDCKII cells. 

MATERIALS AND METHODS 
Reagents 

Detergents were the following: SDS (BioRad Laboratories, Hercules, 
CA, USA), Triton X-100 (Serva, Heidelberg, Germany), NP-40 
(FlukaAG, Buchs, Switzerland). IPTG, methyl-P-cyclodextrin, 
sodium butyrate (NaBu) and proteinase inhibitors were from Sigma 
Chemical Co. (Deisenhofen, Germany). Restriction endonucleases 
were from New England Biolabs (Schwabach/Taunus, Gemany) and 
cloned pfu polymerase from Stratagene (La Jolla, CA, USA). 
pOPRSVl-CAT vector was from Stratagene. 

Cell culture 

Media and reagents for cell culture were purchased from Gibco BRL 
(Eggestein, Germany). Madin-Darby Canine Kidney (MDCK) type II 
cells were cultured as described (Pimplikar et al, 1994) on 
Trans well™ polycarbonate filters (0.4 um pore size) from Costar 
(Cambridge, MA, USA) or on plastic dishes. MDCKII Lac switchable 
cells were given by Dr E. E. Schneeberger and cultivated the same 
way as wild-type MDCKII except when transfected (McCarthy et al., 
1996). After transfection, the selection was maintained with 0.6 
mg/ml G418 geneticin (Gibco BRL). 293 cells were grown in MEM 
medium supplemented with 10% fetal calf serum (FCS) and 1% non- 
essential amino acids in addition to the general components such as 
penicillin/streptomycin and glutamine. 

Pr paration of antibodies and Immunoblotting 

The affinity-purified anti-annexin XIII-II antibody preparation was 
according to Fiedler et al. (1995). 12% SDS-PAGE gels were run 
using the BioRad mini-gel system unless otherwise mentioned. 
Polyclonal rabbit anti-VIP21/cavl amino-terminal N20 was 
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, 
USA). Monoclonal mouse anti-GP114 was from our laboratory 
(Balcarova-Stander et al., 1984). Goat anti-rabbit and goat anti-mouse 
horseradish peroxidase-conjugated antibodies were from BioRad 
(Munchen, Germany). The immunoblots were revealed with ECL 
(Amersham International). 

C nstru tlon of recombinant ad novlrus sexpr ssing 
annexin Xllls 

Recombinant adenoviruses expressing annexin Xllla, annexin Xlllb 
and non-myristoylated annexin XI II a were produced as described 



previously (He et al., 1998). Briefly, the annexin XIIIs sequences were 
amplified by PCR to obtain a Kpnl-Xbal fragment using TCG GGT 
ACC AAA AAC GAA ATG GGC as 5' primer for the myristoylated 
annexins and, in order to create a non-myristoylated mutant, the codon 
for the amino-terminal glycine GGC was replaced by one for alanine 
GCC in the 5' primer. The 3' primer was ATA TCT AGA TCA GTG 
CAA GAG GGC C in all the constructs. The fragments were cloned 
in the pShuttle-CMV vector and recombinant adenoviral plasmids 
were generated by homologous recombination with the pAdEasy-1 
vector (He et al., 1998). Transfection of 293 cells was performed by 
lipofection. Amplified adenoviruses were purified by CsCI gradient 
centrifugation and stored at -20°C in storage buffer (5 mM Tris-HCl, 
pH 8.0, 50 mM NaCl, 0.1% BSA, 25% glycerol). 

Cloning of annexin Xllls for stable expression in MDCKII 
Lac switchable cells 

The annexin XIIIs sequences were amplified by PCR to obtain a XbaU 
Kpn\ fragment containing a suitable Kozack sequence before the ATG 
and a c-myc tag at the carboxy terminus. For the amplification of the 
annexin Xlllb sequence, the 5' primer was TCG TCT AGA GCC ACC 
ATG GGC AAT CGT CAT AGC C, these last four nucleotides being 
replaced by GCC A for amplifying the annexin Xllla sequence. As 5' 
primer for the non-myristoylated mutants, the codon for the amino- 
terminal glycine GGC was replaced by one for alanine GCC. For all 
constructs, the 3' primer was ATA GGT ACC TCA GTT CAA GTC 
TTC TTC GCT TAT GAG TTT TTG CTC GTG CAA GAG GGC 
CAC, where the bold characters correspond to the c-myc tag, 
EQKLISEEDLN. The fragments were inserted in pOPRSVl-1 vector, 
a derivative of the pOPRSVl-CAT vector containing a polylinker 
instead of the CAT gene (Daniele Zacchetti, EMBL; Cheong et al., 
1999). 

Infection and transfection of MDCKII cells 

For transient overexpression of annexin XIIIs by adenovirus infection, 
MDCKII cells grown on 1.2 cm filters for 3 days were infected on the 
apical side at 37°C for 1 hour in 500 u.1 of culture medium with 1 u.1 
of virus stock. The expression was carried on for 16 hours before 
further analysis. For stable overexpression of annexin XIIIs, the 
MDCKII Lac switchable cells were transfected by electroporation and 
the clones were selected for their resistance to G418. 24 clones of 
each transfection were screened by immunofluorescence with anti- 
annexin XIII-II antibody for the expression of the exogenous proteins, 
after having induced their synthesis with 5 mM IPTG and 1 mM NaBu 
for 16 hours at 37°C. 

Immunoelectron microscopy and immunofluorescence 
analysis 

The locations of the transiently overexpressed annexin Xllla, annexin 
Xlllb or non-myristoylated annexin Xllla in polarized cells were 
determined at the electron-microscope level using anti-annexin XIII- 
II antibody at 1/200 dilution, according to Lafont et al. (1998b). For 
immunofluorescence studies, cells grown on filters were washed twice 
in PBS + buffer (PBS containing 0.9 mM CaCh and 0.5 mM MgCh), 
fixed with methanol at -20°C for 6 minutes and then processed for 
immunolabeling. The myc-tag was not accessible either to the 
polyclonal or the monoclonal myc antibodies. The anti-annexin XIII- 
II antibody was used instead at a dilution of 1/300 on transient 
expressing cells and 1/100 on stable clones in PBS, supplemented 
with 0.2% gelatin for 1 hour at 37°C. The secondary antibody was a 
goat anti-rabbit FITC-conjugated antibody (Dianova, Hamburg, 
Germany). The filters were placed in mounting medium and analyzed 
using a Leica NTS confocal microscope as described previously 
(Lafont et al., 1998b). 

M mbrane association analysis 

The two-step sucrose gradient was prepared as previously described 
(Fiedler et al., 1993). Briefly, the MDCKII or MDCKII Lac switchable 
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cells grown to confluence in 150 cm dishes were homogenized at 4°C 
in 500 nl of 10 mM Hepes, pH 7.4, 5 mM EGTA, 250 mM sucrose, 
1 mM DTT, 25 mg/ml CLAP protease inhibitors. Then, a postnuclear 
supernatant (PNS) was obtained by 10 minutes centrifugation at 3000 
rpm in a microfuge. The PNS was made 1.5 M sucrose, placed in a 
SW60 centrifuge tubes (Beckman, Munchen, Germany) and overlaid 
by a 1.2 M and a 0.8 M sucrose layer in Hepes-EGTA. The flotation 
was carried out at 4°C for 18 hours at 35000 rpm. The membranes 
float at each sucrose interface. 500 uJ fractions were collected starting 
at the top of the gradient and 30 of each fraction was analyzed by 
SDS-PAGE followed by western blotting. 

To prepare the total membrane fraction, MDCKII cells grown to 
confluence in 15 cm dishes were homogenized in 200 |il of 10 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EGTA, 1 mM DTT and 
CLAP. The membranes from 30 uJ of the subsequent PNS were 
collected on a 1 M sucrose cushion by a centrifugation at 1 00,000 £ 
in a TLA 100 rotor (Beckman). The membranes were thereafter treated 
for 15 minutes with agitation at room temperature (RT) in 30 ui of 10 
mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM EGTA as a control, or 
the same buffer supplemented with either 1 M KC1 or 0.2% Nonidet 
P-40 (NP-40), or were treated at 4°C in 30 \i\ of 0.1 M NaHC0 3 , pH 
1 1 . For extraction of the cholesterol, the membranes were treated with 
10 mM cyclodextrin in 30 |xl of buffer for 30 minutes at 37°C. The 
peripheral-membrane proteins released from the membranes were 
recovered in the supernatant following a second 100,000 g 
centrifugation. The samples were directly mixed with 2x loading 
buffer and analyzed by SDS-PAGE followed by blotting. 

Cr ssl inking of membrane proteins by 
phospholipids 

The synthesis of a C18-stearic acid derivative containing a ^ 
diazirin ring on the C10 carbon (10-azistearic acid) is 
described elsewhere (Thiele et al., 2000). MDCKII cells 
grown on 2.4 cm size polycarbonate filters for 2.5 days were 
incubated for 3 hours in medium with 5% FCS. Then cells 
were incubated in medium supplemented with 1% FCS and 
100 |iM C18-stearic acid mixed 1:1 with BSA for overnight 
labeling at 37°C. The fatty acid was then chased for 2 hours 
with 10% FCS in MEM medium. Cells were washed in PBS\ 
frozen in liquid nitrogen for 5 seconds and subjected, on dry 
ice, to UV irradiation by a black light lamp equipped with 
100-W mercury bulb and a filter cutting wavelengths below 
310 nm (Spectroline model B100/F, Spectronics Corporation, 
Westbury, NY, USA). The cells were 12 cm from the source 
for 15 minutes of irradiation. Subsequently, cells were 
scraped from the filters and homogenized. The membranes 
and the cytosol fractions were separated by a 100,000 g 
centrifugation, as described above, and the proteins were 
separated on large SDS-PAGE gels containing 8% 
polyacrylamide for annexin XHIb and 13.5% for VIP21/cavl 
analysis. 



hours at 4°C. 500 uJ fractions were collected starting from the top of 
the gradient and TCA precipitated. The pellets were washed 3 times 
with -20°C acetone and all the material was subjected to SDS-PAGE 
and blot analysis. 

Expression and purification of recombinant annexin Xilla 
and transport assay 

Myristoylated annexin Xilla was expressed in the Drosophila 
Schneider cells and purified exactly as previously reported for annexin 
XHIb (Lafont et al., 1998b). A functional assay reconstituting the 
transport of exocytic carriers from the TGN to either the apical or the 
basolateral surface has already been described in detail (Lafont et al., 
1998a). 



RESULTS 

Annexins Xilla and Xlllb are identical except that annexin 
Xlllb has a 41-amino-acid insertion in its N-terminal tail. 
Because of this similarity we were not able to raise an antibody 
specific for annexin Xilla, so its expression was analyzed by 
making use of an antibody directed against a peptide sequence 
in the N-terminal tail common to both isoforms (Fiedler et al., 
1995; Fig. 1 A). This affinity-purified antibody recognizes three 
bands by immunoblotting of an MDCKII lysate (Fig. IB). By 
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Raft association analysis 

MDCKII or the stable MDCKII Lac switchable cells 
overexpressing annexin XIIIs (MDCK(lac)/55) were grown to 
confluence in 3 cm dishes and scraped directly after ice-cold 
PBS washes in 400 ptl of 10 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 5 mM EGTA or increasing amounts of CaCh, 1% 
Triton X-100 (TX-100), 1 mM DTT, CLAP at 4°C. The cells 
were incubated for 30 minutes at 4°C to allow the 
solubilisation of the membranes to occur. Then, the material 
was adjusted to 40% OptiPrep™ (Nycomed-Pharma, Oslo, 
Norway) in a final volume of 1 ml and was overlaid with 1.2 
ml of 30% OptiPrep™, 1.2 ml 25% OptiPrep™ and 0.8 ml 
of 5% OptiPrep™ (all in 10 mM Tris-HCl, pH 7.5, 150 mM 
NaCl, 1% TX-100 plus CaCh as mentioned in the text). The 
flotation was performed in SW60 tubes at 100,000 g for 4 
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Fig. 1. Characterization of the 
anti-annexin XIII-II antibody. 

(A) Comparison of the 
sequences of annexin XI I la and 
Xlllb. The peptide sequences of 
the tails recognized by the anti- 
annexin Xlllb and anti-annexin 
XIII-II antibodies are 
underlined. 

(B) Western blot probed with 
the anti-annexin Xlllb or the 
anti-annexin XIII-II antibody on 
MDCKII cells lysate. The 

positions of molecular mass markers and annexin Xlllb (40 kDa) and Xllla 
(36 kDa) are indicated. 
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Fig. 2. Immunostaining of annexin Xllla as compared with that of 
annexin Xlllb in MDCKII cells. After infection with recombinant 
adenoviruses overexpressing wild-type annexin Xllla or Xlllb, 
MDCKII cells were analyzed by immunoblotting (A) and by 
immunofluorescence confocal microscopy (B) with the anti-annexin 
XIII-II antibody. Bar, 10 um. 



2D-gel analysis and comparison with either overexpressed or 
purified annexin XIIIs and by microsequencing, we could 
determine that the upper band corresponds to annexin Xlllb 
and the lower band corresponds to annexin Xllla. By 
microsequencing analysis, the intermediate band was 
described as being a variant of annexin II (Fiedler et al., 1997), 
although the amino acid sequence selected to raise the antibody 
does not show homology to that of annexin II. In this study, 
this antibody is referred as the anti-annexin XHMI antibody. 

Differential localization of annexin Xllla versus 
ann xin Xlllb in polarized MDCKII cells 

To determine where annexin Xllla is targeted in MDCKII cells, 
recombinant annexin XIII adenoviruses were generated and 
used to infect these cells. We used the anti-annexin XIII-II 



antibody at a dilution such that the endogenous annexin XIIIs 
were not stained, thus allowing detection of adenovirus- 
expressed annexins by western blotting (Fig. 2A), 
immunofluorescence (Fig. 2B) and immunoelectron 
microscopy (Fig. 3). The overexpressed annexin Xlllb was 
apically localized using both anti-annexin XlUb and anti- 
annexin XIE-II antibodies (Figs 2B, 3A). At the same 
expression level, the overexpressed annexin Xllla was visible 
both at the basolateral and at the apical plasma membranes 
(Figs 2B, 3B). Quantitation by immunoelectron microscopy 
confirmed that annexin Xllla was equally distributed between 
the two plasma membrane domains of MDCKII cells 
(3.63±0.85 gold particles/urn membrane length on apical 
versus 3.15±0.58 on basolateral membrane). 

Calcium-independent binding of the annexin XIIIs to 
cellular membranes 

We reported previously that half of the cellular pool of annexin 
Xlllb is bound to membranes when calcium ions have been 
chelated (Lafont et al., 1998b). To characterize the membrane 
binding features of annexin Xllla, two membrane pools of high 
and low buoyant densities were isolated by flotation in a two- 
step sucrose gradient from an MDCKII cell homogenate. The 
protein content of the fractions was analyzed by western 
blotting. Caveolin-1 (VIP21/cavl) was used to follow the 
presence of membranes in the different peaks (Fig. 4A, 
fractions 4 and 8). After chelation of calcium ions with EGTa! 
annexin Xllla and Xlllb were localized in the top fractions of 
the gradient containing the light density membranes and also 
in the soluble pool at the bottom of the gradient. 

The myristoyl moiety is necessary for the calcium- 
independent interaction of annexin XIIIs with 
membranes 

Annexin XIIIs are the only members of this protein family 
shown to be myristoylated on their N-terminal glycine (Wice 
and Gordon, 1992). In order to test how this fatty acid 
modification contributes to membrane linkage, MDCKII cells 
engineered to express exogenous genes in a regulated manner 
(MDCKII Lac switchable cells) were stably transfected with a 
pOPRSVl-1 vector encoding the myristoylated annexin XIIIs 
or their non-myristoylated mutants. In these cells, the synthesis 
of the exogenous annexin Xllla or XIEIb is repressed due to 
the stable expression of the lac repressor but can be induced 
by adding IPTG to the cell medium, thereby inhibiting the lac 
repressor. Two clones of wild-type and non-myristoylated 
mutants of annexin Xllla and Xlllb were selected by 
immunofluorescence microscopy. When membrane association 
of these exogenous proteins was compared using flotation in 
the two-step sucrose gradient the non-myristoylated annexin 
XIIIs were exclusively recovered in the cytosolic fractions 
(Fig. 4B). 

To test whether the myristoyl group was anchoring the 
annexin XIIIs to the lipid bilayer we performed crosslinking 
experiments. Polarized MDCKII cells were fed with a modified 
saturated C18 fatty acid containing a UV-activable diazirine 
crosslinker. It has been previously shown that such a fatty acid 
is more than 80% incorporated into phospholipids with a chain 
length of 18 carbons (Mahoney et al., 1977; Doi et al, 1978). 
The crosslinker makes covalent amide bonds with the 
surrounding C-H from lipids or proteins upon UV irradiation. 



The proteins crosslinked to additional lipids can subsequentiy 
be detected by a mobility shift in SDS-PAGE. 

After crosslinking, the membranes were separated from the 
cytosol by centrifugation at 100,000 g and the samples were 
analysed by immunoblotting. In a typical experiment, the 
electrophoretic migration of the integral membrane protein 
VTP21/cavl was shifted, while in control experiments in which 
the cells were either fed with fatty acids without crosslinker or 
were not submitted to UV irradiation, VIP21/cavl migrated 
normally (see Fig. Crosslink available at http://www.unige.ch/ 
sciences/biochimie/Lafont/JCSLecatY2K.html). The migration 
of annexin XHIb was not shifted; however, a shadow 
trailing the migrating band became visible in the membrane 
fraction but not in the cytosolic one (see Fig. Crosslink 
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available at hr^://www.unige.ch/sciences/biochirnie/Lafont/ 
JCSLecatY2K.html). The shadow is probably due to the 
anchoring of the myristoyl group into the bilayer, arising from 
crosslinking to phospholipids. Because of the presence of the 
annexin II band overlapping the annexin Xllla staining, we 
could not determine unambiguously whether a shadow was 
associated with annexin Xllla using the anti-annexin XIII-II 
antibody. We therefore decided to analyze the membrane 
association of annexin Xllla and XHIb by different approaches. 

Hydrophobic interactions are contributing to the 
membrane binding of annexin Xllls 

A homogenate of MDCKII cells was prepared in the absence 
of calcium, and membranes were collected on a sucrose 




Fig. 3. Immunogold labeling of annexin Xllla, non-myristoylated annexin Xllla and annexin XHIb in MDCKII cells. MDCKII cells infected 
with recombinant adenoviruses overexpressing annexin XHIb (A), annexin Xllla (B) or the non-myristoylated annexin Xllla (C) were 
processed for lrnmunoelectron microscopy with the anti-annexin XIII-II antibody ( 1 0 nm gold particles). Bar, 500 nm 
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cushion by ultracentrifugation at 100,000 g. These pelleted 
membranes were washed with high salt or basic pH buffers and 
samples were subsequently centrifuged at 100000 g. The 
proteins released from the membrane pool were detected on 
western blots. The integrity of the membranes was assessed 
using VIP21/cavl (Fig. 5 A). For both isoforms of annexin 
Xm, binding to membranes was not abolished by high salt 
washes (Fig. 5B). Similarly, high pH stripping of the 
membranes released little protein (Fig. 5B). There are reports 
that myristoylated or palmitoylated proteins are resistant to pH 
11 extraction (Song and Dohlman, 1996; Topinka and Bredt, 
1998). The resistance of the annexin Xffls to pHll treatment 
shows that hydrophobic interactions are contributing to their 
membrane association and supports the conclusion of the 
crosslinking experiment described above. 

Since annexin Xlllb has been shown to bind to cholesterol- 
sphingolipid rafts (Lafont et al., 1998b), we next analyzed 
whether cholesterol depletion using cyclodextrin was affecting 
the membrane binding of both annexin Xllla and Xlllb. 



Indeed, this was the only treatment which could significantly, 
although not entirely, release the annexin Xms into the 
supernatant (Fig. 5C). 

A pool of annexin Xllla is associated with rafts in 
absence of calcium 

To demonstrate raft association of annexin Xlllb, we 
previously showed the presence of annexin Xlllb in lipid- 
protein complexes resistant to solubilisation by Triton X-100 
at 4°C (Lafont et al., 1998b). These insoluble complexes are 
separated from solubilised proteins and from cytoskeletal 
elements by flotation in a density gradient. Insoluble 
complexes float to low density, unlike cytoskeletally bound 
elements and soluble proteins, which stay at the bottom of the 
flotation gradient. When MDCKII cells were lysed with TX- 
100 at 4°C in a buffer lacking calcium and the material was 
subsequently subjected to OptiPrep™ gradient centrifugation, 
part of annexin Xllla was recovered in the low density 
fraction (Fig. 6A). This fraction was typically enriched in the 
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Fig. 4. Calcium-independent binding of annexin XIII to membranes. (A) MDCKII homogenate was prepared with EGTA The membrane 
fractions were separated from the cytosolic proteins by a two-step sucrose gradient centrifugation. The partitioning of annexin XIIIs and 
VIP21/cavl between the membranes (heavy membranes: fractions 4-5, light membranes: fractions 8-9) and the cytosolic pools (fractions 1-3) 
was analyzed by western blot using, respectively, anti-annexin XIII-1I and anti-VIP21/cavl antibodies. (B) Stable clones of MDCKII Lac 
switchable cells overexpressing either the wild-type or the non-myristoylated mutants of the annexin XIIIs were submitted to the two-step 
sucrose gradient centrifugation and the presence of annexin XIIIs and VIP21/cavl in each fraction was followed by immunoblotting Note that 
a band corresponding to the endogenous annexin II is visible in the immunoblot of the BM55 clone and that two bands corresponding to the 
endogenous annexin Xllla (lower) and Xlllb (upper) are visible in the immunoblot of the AM95 clone 
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Fig. 5. Cyclodextrin treatment can partially release annexin XIIIs from membranes. 
(A) The total membrane (Mb) and cytosolic (Cyt) fractions of MDCKII cells were 
segregated by a 1 00,000 £ spin of the PNS in the absence of calcium. (B) Membranes 
were subsequently subjected to no treatment (CNTR) or extracted for 15 minutes at 4°C 
with 0.1 M NaHC03, pH 1 1, 1 M KCI or 0.2% NP-40 at RT and then spun at 100,000 g 
and recovered in the pellet (P) while the released proteins were in the supernatant (S). 
(C) In order to extract cholesterol membranes were treated with 10 mM cyclodextrin for 
30 minutes at 37°C (CX) or left untreated as control (CNTR). The partitioning of 
annexin XIIIs and VIP21/cavl between the fractions was analyzed by western blot using 
the respective antibodies. 



cholesterol-binding protein VIP21/cavl. Neither annexin Xllla 
nor Xmb floated anymore after depletion of cholesterol by 
cyclodextrin (Fig. 6B). A pool of annexin Xllla thus associates 
with lipid-rafts independently of calcium. However, we noticed 
that a fraction of annexin Xllla was reproducibly associated 
with the low density fraction. We wondered whether this could 
reflect a differential behavior of apical versus basolateral 
annexin Xllla. 

To find out whether the apical and the basolateral pools of 
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annexin Xllla differed in their raft-binding 
properties, we made use of the properties of 
MDCKH Lac switchable cells. This 
subclone differs from MDCKII cells by 
several criteria. For example, MDCKII 
Lac switchable cells express endogenous 
annexin XIIIs to a lower extent than 
MDCKQ cells (data not shown) and have 
a lower capacity for apical delivery 
(Cheong et al., 1999). Another difference 
compared to MDCKII cells was that the 
overexpressed annexin Xllla exclusively 
localised to the basolateral plasma 
membrane of MDCKII Lac switchable 
cells whereas the overexpressed annexin 
Xlllb was mostly apical (Fig. 7). This 
could be observed independently of the 
expression level by immunofluorescence 
after expression of annexin XIIIs either 
stably with pOPRSVl vector (Fig. 7) or 
transiently with recombinant adenoviruses 
(S. Lecat, unpublished results). 

Because of the exclusive basolateral localization of annexin 
Xllla in the MDCKII Lac switchable clone, we could analyze 
biochemically the raft association of the basolateral annexin 
Xllla. We prepared detergent-insoluble material with calcium- 
chelating agents from stable clones expressing annexin Xllla 
or Xlllb and performed step density gradient flotation. We 
found that annexin Xllla was not floating while VIP21/cavl 
(unpublished result) and annexin Xlllb (Fig. 8A) were floating 
to the same extent as in normal MDCKII cells. 

Several annexins have been shown to float after Triton 
extraction in the presence of calcium (Parkin et al., 1996). 
This is particularly the case for the basolateral pool of 
annexin II, which has recently been observed in rafts together 
with CD44 (Oliferenko et al., 1999). We wanted therefore to 
compare the effect of calcium on the raft association of 
annexin XIIIs expressed in MDCKII Lac switchable cells 
versus that of annexin II. Increasing the calcium 
concentration to 200 \iM had no effect on VIP21/cavl 
(unpublished result) or annexin Xlllb flotation (Fig. 8B). On 
the other hand, calcium triggered a drastic flotation of 
annexin II, as previously reported (Fig. 8B; Oliferenko et al., 
1999) and a significant and reproducible flotation of a fraction 
of annexin Xllla. To verify the specificity of the calcium- 
dependent raft association of annexin Xllla, we made use of 
its non-myristoylated mutant. At a concentration of 1 mM 
calcium, annexin Xllla lacking its fatty acid modification was 
entirely associated with the total membrane fraction 
recovered from a 100,000 g pellet (Fig. 8C). However, despite 
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Fig. 6. A fraction of annexin Xllla binds to detergent-insoluble 
glycosphingolipid enriched material (DIGs) independently of 
calcium. MDCKII cells were lysed in 1 % TX- 1 00 at 4°C in the 
absence of calcium and the DIGs were separated from the solubilised 
fraction by a centrifugation in an OptiPrep™ gradient. (A) The 
presence of GP1 14 (negative control), annexin XIIIs and VIP21/cavl 
(positive control) in the different TCA-precipitated fractions of the 
gradient was analyzed by western blotting with anti-GPl 14, anti- 
annexin XIII-II and anti-VIP21/cavl antibodies, respectively. 
(B) Upon extraction of cholesterol from the cell using cyclodextrin, 
the detergent-insoluble material is drastically reduced. 
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being bound to membranes, the non-myristoylated annexin 
Xllla was not observed in the floating fractions. 

Annexin Xllla is differ ntly implicated in the exocytic 
pathways of MDCKII cells 

We previously reported that, in polarized MDCKII cells, a 
recombinant myristoylated annexin Xmb could stimulate the 
apical delivery of exocytic carriers while the basolateral route 
was not affected (Lafont et al., 1998b). Here, we followed the 
transport of viral proteins targeted to either plasma membrane 
in the same functional assay as was used previously. This assay 
reconstitutes the trans-Golgi network (TGN)-to-apical or -to- 
basolateral surface transport steps in Streptolysin-0 
permeabilized MDCKII cells (Lafont et al., 1995). We found 
that the purified recombinant myristoylated annexin Xllla (Fig. 
9A), when introduced to permeabilized cells, was localized in 
both compartments (Fig. 9B) and could stimulate the apical 
delivery of transport carriers (Fig. IOC). On the contrary, 
basolateral transport was inhibited (Fig. 9C). 



DISCUSSION 

In this study, we show that both annexin XIII isoforms bind to 
membranes independently of calcium. Based on the cytosolic 
localization of the non-myristoylated mutants, we propose that 
the N-terminal myristoyl modification present in both isoforms 



is necessary for the interaction with the lipid bilayer in the 
absence of calcium. Calcium-independent membrane binding 
has also been reported for other annexins. Annexin I interacts 
with the plasma membrane and with multivesicular bodies of 
NIH3T3 cells (Futter et al., 1993), annexins VI and E with 
clathrin coated pits (Turpin et al., 1998), annexin II with the 
plasma membrane of A549 cells (Liu et al., 1997) and with 
early endosomes in BHK cells (Jost et al., 1997). In the latter 
case, the domain important for calcium-independent binding to 
membrane has been mapped to amino acids 14-25 of the N- 
terminal tail of annexin II (Jost et al., 1997). A comparison of 
the known structures of annexins indicates that the N-terminal 
tail of annexin XIIIs should protrude out of the core domain 
on the face opposite to the calcium binding sites (Liemann and 
Lewit-Bentley, 1995). Our experiments suggest that the 
myristoyl group at the N terminus is inserted in the lipid 
bilayer. Thus, due to the shortness of the tail of annexin XIILa 
(12 amino acids), the calcium binding sites of the annexin 
Xllla core domain might be prevented from facing the 
membrane, and instead, be exposed towards the cytosol. This 
opens new perspectives for the function of the annexin core, 
which could interact in a calcium-dependent manner with 
proteins in addition to its lipid binding potential. Such a 
possibility is strengthened by the structural data obtained for 
the hexameric annexin XII, in which the calcium-binding sites 
were mediating face-to-face binding of one trimer to another 
(Luecke et al., 1995). A similar dual binding capacity has been 
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Fig. 7. Basolateral localization of annexin Xllla in MDCKII Lac switchable cells. Stable clones of MDCKII Lac switchable cells 
overexpressing either annexin Xlllb ( 1 3B) or Xllla ( 1 3 A) in an inducible manner were analyzed by irnmunoblotting and by 
immunofluorescence confocal microscopy with anti-annexin XIII-II antibody. Confocal xz and xy sections are shown. I, Induced, NI, non- 
induced. Bar, 10 Mm. Note in the immunoblots (upper right panel) that the overexpressed annexin XIIIs are running slower than the endogenous 
proteins due to their fusion to the myc-tag. In addition, a band corresponding to the endogenous annexin II is slightly visible in the immunoblot 
of the BM55 clone and a band corresponding to the endogenous annexin Xlllb is visible in the immunoblot of the AM95 clone. 
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Fig. 8. Raft association of basolateral annexin Xllla is dependent on calcium and the myristoyl group. Detergent-resistant membranes were 
E d £iSf clones of MDCKII Lac switchable cells overexpressing either annexin XIHb, annexin Xllla or the nTmy^L* 
annexin Xllla in the absence (A) or presence of 1 mM calcium (B). The different TC A -precipitated fractions collected after the OptiPrep™ 
gradient centnfugation were tested for their content of annexin XIIls by western blot with the anti-annexin XIII-II antibody Note that the 
endogenous annexins are visible in addition to the exogenous annexin XIIIs; in particular, the annexin II staining becomes extremely strong 
once the sample is prepared in presence of calcium. (C) PNS of MDCKII Lac switchable clones were prepared in presence 6tSSS^ 
ZS?m C1Um ^'™™ b ™' <&>) * nd c y^Mc (Cyt) pools were segregated by a 100,000* spin and analyzed for USH 
annexin XIIIs mynstoylated or not, by western blotting with anti-annexin XIII-II antibody. The non-myristoyiated annexin Xllla is entu-ely 

EES m . t 6 i me K mb T fr K Ctl ° n 2 K 1 ^ CaJciUm ' Whi,C at 1 50 ^ M cajcium 11 is sti » most 'y c y^\ic. The mynstoylated 

fnH > £7 I T d *?, T ^ e fraCUOn 31 500 * M Caldum - Nole the endogenous annexin Xllla (lower band in clone AM95™ 

and XHIb (upper band in all the clones) are visible in the immunoblot. ; 



demonstrated for the C2 domain (also called CaLB), another 
calcium-dependent phospholipid binding domain (Davis et al., 
1998). For example, the C2A domain of synaptotagmin 
interacts in a calcium-dependent manner with phospholipids 
but can also bind to syntaxin or dimerize with itself (Popoli et 
al., 1997). Interestingly, the C2 domain of pl20ras GAP 
interacts with annexin VI in a calcium-dependent manner 
(Davis et al., 1996). 

With the exception of annexin II and annexin Xlllb, the 
association of annexins with lipid rafts has not been studied. 
Here we show by flotation after Triton X-100 solubilization 
that the apical annexin Xllla is raft-associated in the absence 
of calcium while the basolateral annexin Xllla only associates 
with rafts in the presence of calcium. Lipid rafts are present 
both apically and basolaterally but are enriched apically 
(Simons and van Meer, 1988; Benting et al., 1999). Annexin 
II and the integral membrane protein CD44 were shown to 



partition into rafts at the basolateral plasma membrane of 
mammary gland epithelial (Oliferenko et al., 1999). This 
interaction of annexin II with the basolateral rafts was shown 
to require calcium. How annexin II binds to lipid rafts is not 
known. In the case of annexin Xllla, this binding involves the 
myristoylated N-terminal tail, since in presence of calcium, the 
non-myristoylated annexin Xllla was able to bind membranes 
but not to lipid rafts as assayed by detergent insolubility. The 
composition of the inner leaflet of rafts is not yet defined. The 
differential localization of different annexins is difficult to 
explain without assuming the existence of protein partners for 
annexin XIIIs. Identifying these putative linkers would help to 
understand their functions. 

We have previously demonstrated that annexin XlUb is 
involved functionally in apical transport from the TGN (Lafont 
et al., 1998b). The data suggested that annexin XHIb could play 
a role both during formation of the apical transport containers 
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Fig. 9. Annexin XHIa is differently involved in the exocytic routes in 
MDCK cells. (A) Upper panel, silver staining of the purified 
recombinant myristoylated annexin XHIa expressed in Schneider 
cells. Lower panel, western blotting using the anti-annexin XIII-II 
antibody. Samples analyzed are Ni-column flowthrough (FT); 
imidazole washes 10 mM (Wl), 20 mM (W2); 40 mM (W3); 
elutions 120 mM imidazole (El-3); Ni beads (B). 
(B) Immunostaining of recombinant annexin XIHa (green) in 
Streptolysin-0 permeabilized MDCK cells. Affinity-purified anti- 
annexin XIII-II was used at 1 :200 dilution and nuclei were visualized 
after DNA staining with propidium iodide. A confocal xz section is 
shown; bar, 15 urn. Note that the protein is present in both 
compartments. (C) Transport assay performed in permeabilized 
MDCKII cells with the hemagglutinin of influenza virus as an apical 
reporter and the glycoprotein of vesicular stomatitis virus as a 
basolateral reporter. Values of duplicate samples from three 
independent experiments are shown as % transport (mean ± s.e.m.). 



in the TGN and at the docking and the fusion stage of delivery. 
These results conform with the localization of annexin Xmb, 
which has been visualized along the apical pathway from the 
TGN to the apical membrane. Annexin Xllla, on the other 



hand, was only localized basolaterally in the MDCKII Lac 
switchable cells, and both apically and basolaterally in the 
MDCKII cells. Thus the unique 41-amino-acid insertion in the 
N-terminal tail of annexin Xmb is likely to contain an apical 
localization determinant- We attempted to analyze the function 
of annexin Xllla using the SLO-permeabilized cell system to 
investigate its role in apical or in basolateral transport from the 
TGN. Recombinant myristoylated annexin Xllla, when added 
to the permeabilized MDCK cells, was able to enhance apical 
delivery of influenza virus hemagglutinin as efficiently as 
annexin Xlllb did. However, contrary to annexin Xlllb, the 
recombinant annexin XIHa had an inhibitory affect on the 
basolateral delivery of VSV-G; recombinant annexin Xlllb had 
no effect. Thus annexins Xlllb and XIHa behave identically in 
the apical compartment. This is perhaps not surprising because 
apical annexins Xlllb and XIHa are so similar in their 
properties. The exact function of annexin XIII in the apical 
compartment is not yet defined. The protein could help to 
cluster lipid rafts and associated proteins into apical transport 
containers, or alternatively could be involved in organizing the 
docking and fusion stage of the apical delivery. It cannot, 
however, be excluded that the protein plays its main role in 
regulating raft-mediated processes at the apical surface. The 
role of basolateral annexin XIHa is even more difficult to 
pinpoint. Does the finding that annexin Xllla is only 
basolaterally localized in the MDCK II Lac switchable cell 
strain suggest that its function is mainly there and that the 
apical localization in MDCKII cells is due to overexpression? 
Or do MDCKII Lac switchable cells lack a protein that 
localizes annexin Xllla to the apical compartment? In this 
respect, the random redistribution of the myristoylated apical 
type II cGMP-dependent protein kinase occurring in the 
Microvillus Inclusion Disease, presumably because of a sorting 
deficiency, is of particular interest (Ameen and Salas, 2000). 
The inhibitory effect on basolateral transport in the SLO- 
permeabilized MDCKII cells may reflect binding to lipid rafts 
being transported basolaterally (Benting et al., 1999), and due 
to steric hindrance this binding inhibits the assembly of the 
basolateral transport containers. The enigma of the functional 
roles of the annexins remains. The fact that two very similar 
isoforms of annexin XIII are so different in their properties is 
an interesting topic for further research. 
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ABSTRACT One of the earliest events in programmed cell 
death is the externalization of phosphatidylserine, a mem- 
brane phospholipid normally restricted to the inner leaflet of 
the lipid bilayer. Annexin V, an endogenous human protein 
with a high affinity for membrane bound phosphatidylserine, 
can be used in vitro to detect apoptosis before other well 
described morphologic or nuclear changes associated with 
programmed cell death. We tested the ability of exogenously 
administered radiolabeled annexin V to concentrate at sites of 
apoptotic cell death in vivo. After derivatization with hydrazi- 
nonicotinamide, annexin V was radiolabeled with technetium 
99m. In vivo localization of technetium 99m hydrazinonicoti- 
namide-annexin V was tested in three models: fuminant 
hepatic apoptosis induced by anti-Fas antibody injection in 
BALB/c mice; acute rejection in ACI rats with transplanted 
heterotopic PVG cardiac allografts; and cyclophosphamide 
treatment of transplanted 38C13 murine B cell lymphomas. 
External radionuclide imaging showed a two- to sixfold in- 
crease in the uptake of radiolabeled annexin V at sites of 
apoptosis in all three models. Immunohistochemical staining 
of cardiac allografts for exogenously administered annexin V 
revealed intense staining of numerous myocytes at the pe- 
riphery of mononuclear infiltrates of which only a few dem- 
onstrated positive apoptotic nuclei by the terminal de- 
oxynucleotidyltransferase-mediated UTP end labeling 
method. These results suggest that radiolabeled annexin V can 
be used in vivo as a noninvasive means to detect and serially 
image tissues and organs undergoing programmed cell death. 



Programmed cell death (apoptosis) plays a crucial role in the 
pathogenesis of a number of disorders including AIDS and 
other viral illnesses, cerebral and myocardial ischemia, auto- 
immune and neurodegenerative diseases, organ and bone 
marrow transplant rejection, and tumor response to chemo- 
therapy and radiation (1-3). Since the original description of 
apoptosis by Wyllie in 1972, its assessment in vivo has required 
direct examination of biopsied or aspirated material (4). An 
imaging technique capable of localizing and quantifying apo- 
ptosis in vivo would permit assessment of disease progression 
or regression and similarly define the efficacy of therapy 
designed to inhibit or induce cell death (5-6). 

Cells undergoing apoptosis redistribute phosphatidylserine 
(PS) from the inner leaflet of the plasma membrane lipid 
bilayer to the outer leaflet (7, 8). The externalization of PS is 
a general feature of apoptosis occurring before membrane bleb 
formation and DNA degradation (7, 8). Annexin V, a human 
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protein with a molecular weight of 36,000 has a high affinity 
for cell or platelet membranes with exposed PS in vitro and in 
vivo (9-13). This observation has led to testing radiolabeled 
annexin V in animal models of acute thrombosis and imaging 
of atrial thrombi in patients with atrial fibrillation (14, 15). In 
the current study, annexin V was derivatized with hydrazi- 
nonicotinamide (HYNIC) and coupled to technetium 99m 
( 99m Tc) (16) before i.v. administration in animal models of 
apoptosis. HYNIC, an nicotinic acid analog, is a bifunctional 
molecule capable of bonding to lysine residues of proteins on 
one moiety and conjugates of 99m Tc on the other. The agent 
forms stable complexes with proteins (16) without affecting 
bioactivity. We performed scintigraphic imaging studies with 
derivatized annexin V to determine its ability in vivo to detect 
sites of apoptotic cell death occurring in Fas-mediated hepa- 
tocyte apoptosis, acute cardiac allograft rejection, and cyclo- 
phosphamide treatment of B cell lymphoma. Such in vivo 
imaging may prove useful in the clinical setting for noninvasive 
diagnosis, monitoring of disease progression or regression, and 
determining efficacy of treatment. 

MATERIALS AND METHODS 

Preparation of 99m Tc HYNIC-Annexin V. Human annexin V 
was produced by expression in Escherichia coli as described 
(13, 17, 18); this material retains PS-binding activity equivalent 
to that of native annexin V (18). Concentrations were deter- 
mined using E280 = 0.6 ml/mg -1 cm" 1 and molecular weight 
was taken as 35, 806. HYNIC-derivatized annexin V was 
produced by the gentle mixing of 5.6 mg/ml of annexin V in 
20 mM Hepes, pH 7.4, and 100 mM NaCl for 3 hr shielded from 
light with succinimidyl 6-HYNIC (Anor Med, Langley, British 
Columbia) [222 /xg in 18.5 fi\ (42 mM solution) of N/f- 
dimethyl formamide] at room temperature. The reaction was 
quenched with 500 fx\ of 500 mM glycine in PBS, pH 7.4, and 
then dialyzed at 4°C against 20 mM sodium citrate, pH 5.2, and 
100 mM NaCl overnight. Precipitate was then removed by 
centrifugation at 15,000 X g for 10 min. Then, 100 /ml (100 /xg) 
aliquots of HYNIC-annexin V were stored at -70°C Incor- 
poration of HYNIC into annexin V was found to be 0.9 
mol/ mol of annexin V by using the methods of King et al (19). 
Membrane-binding activity of HYNIC-annexin V and decayed 
99m Tc HYNIC-annexin V was determined by a modified 
competition assay in which 5 nmol/liter fluorescein isothio- 
cyanate (FITC)-annexin V was substituted for 125 I-annexin V 
(12, 17). After incubation for 15 min at room temperature, cells 



Abbreviations: TUNEL, terminal deoxynucleotidyltransferase- 
mediated UTP end labeling; PS, phosphatidylserine; HYNIC, hydrazi- 
nonicotinamide; 99m Tc, technetium 99m; FITC, fluorescein isothio- 
cyanate; HSA, human serum albumin; ROI, region of interest. 
*To whom reprint requests should be addressed, e-mail: MA.FRB@ 
Forsythe.Stanford.Edu. 
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were centrifuged, the FITC-annexin V bound to the pelleted 
cells was released with EDTA, and the released FITC-annexin 
V was measured by f luorometry. In this assay system, unmod- 
ified annexin V, HYNIC-annexin V, and decayed ""'Tc 
HYNIC-annexin V inhibited 50% of the binding of FITC- 
annexin V at concentrations of 8 nmol/liter, 10.5 nmol/liter, 
and 123 nmol/liter, respectively. 

To bind ""Tc to the HYNIC-annexin conjugate 80 /ulI of 
stannous chloride (50 mg/ml in 0.1 M HC1 purged for 2 hr with 
N 2 gas) was first added to 50 ml of a 20 mM tricine solution (pH 
7.1, purged for 1 hr with N 2 gas; tricine = 7V-[tris(hydroxym- 
ethyl)methyl]glycine). Two hundred microliters of the Sn- 
tricine solution was then added to 100 ptl of ""Tc 0 4 (4-20 
mCi (1 Ci « 37 GBq) activity in 0.9% NaCl) previously mixed 
with a 100 pi (100 fig) aliquot of HYNIC-annexin V according 
to the methods described by Abrams et al (20). Specific activity 
was 10-200 /iCi/Tig protein (depending on desired activity) 
with a radiopurity of 92-97% determined with instant thin 
layer chromatography using 0.9% saline solution as a solvent. 

Scintillation Well Counting. Samples were counted in a 
Packard Cobra II gamma counter (Packard). The energy 
window was set at a lower level of 120 keV and an upper level 
of 170 keV for ""Tc. When 125 I was counted, samples were 
allowed to decay for at least 24 hr. The samples were then 
recounted using both the technetium window and an 125 I 
setting with a lower level of 20 keV and an upper level of 50 
keV. Samples were corrected for any residual cross talk. 

Radionuclide Imaging. A Technicare 420 mobile camera 
(Technicare, Solon, OH) equipped with a low energy high 
resolution parallel hole collimator was used to record the 
radionuclide distribution in mice and rats sedated with a 
mixture of 80 mg/kg ketamine and 4 mg/kg acepromazine 
injected i.m. Data were recorded by using a 20% window 
centered on the 140 ke V photopeak of technetium into a 128 X 
128 matrix of a dedicated computer system for digital display 
and analysis (ICON, Siemens, Hoffman Estates, IL). All 
images were recorded for a preset time of 10-15 min. 

Murine Model of Fas-Mediated Apoptosis. Massive hepatic 
apoptosis can be induced within 1-2 hr in mice following i.v. 
injection of anti-Fas antibody (21). We used this well described 
model of in vivo programmed cell death to test the specific 
localization of 99m Tc HYNIC-annexin to an organ undergoing 
apoptosis in vivo. Four- to five-wk-old BALB/c mice were 
injected i.v. with purified hamster anti-Fas mAb (Jo2, 10 
^g/animal, PharMingen, San Diego, CA) using the model 
proposed by Ogasawara et al (21). Mice were then injected i.v. 
with 25-50 Mg/kg of "«Tc HYNIC-annexin V (10-25 M Ci/ 
animal for biodistribution study and 100-150 /iCi/animal for 
imaging studies) 1 or 2 hr after antibody treatment. Animals 
were killed 1 hr after administration of radiopharmaceutical 
followed by organ removal for scintillation counting of radio- 
activity and for histologic and immunohistochemical analyses. 

Control studies with 99m Tc labeled human serum albumin 
(HSA) also were performed in untreated and anti-Fas treated 
mice. Although other proteins were considered as controls, 
albumin was selected because distinguishing the potential 
vascular disruption and protein leakage associated with acute 
apoptosis was a major goal of this control experiment. The 
animals were injected with 100-150 /xCi of 99m Tc labeled HSA 
(25 mg/animal) and imaged at 1 and 2 hr, in similar fashion to 
the mice receiving Wm Tc HYNIC-annexin. 

Rodent Model of Cardiac Transplantation. Adult male ACI 
rats (250-350 g) received heterotopic cardiac allografts from 
PVG donors (obtained from Harlan-Sprague-Dawley) anas- 
tomosed to the hosts' abdominal aorta and inferior vena cava 
according to a modification of the technique of Ono and 
Lindsey (22). Syngeneic cardiac isografts from ACI donors 
also were transplanted to the abdomens of host ACI rats. PVG 
cardiac allografts in ACI recipients using the model above 
begin to undergo rejection between 4 and 5 days post- 



transplantation as assessed by decreased pulsation to palpa- 
tion. Five days after transplantation all of the animals received 
700-900 jiCi of "Tc HYNIC-annexin V (10-20 jig protein/ 
kg) via tail vein and were imaged 1 hr later. Animals were then 
killed, and native and transplanted hearts underwent scintil- 
lation counting and histopathologic studies. 

Murine Model of Lymphoma. 38C13 murine B cell lympho- 
mas (23) were grown in C3H.HeN mice (Harlan Breeders, 
Indianapolis) following s.c. injection of 400 tumor cells sus- 
pended in 200 m1 of RPMI medium 1640 (without serum) into 
the left flank. Fourteen days after implantation mice under- 
went treatment with 100 mg/kg of cyclophosphamide injected 
i.p. Mice were injected i.v. with 25-50 ^g/kg of " m Tc HYNIC- 
annexin V (100-150 /xCi/animal) 20 hr after cyclophospha- 
mide administration. Animals were then imaged and killed 1 
hr after injection of radiopharmaceutical after tumor removal 
for scintillation counting and histopathologic studies. 

Immunostaining for Bound Human Annexin V and Apo- 
ptotic Nuclei. Formalin-fixed paraffin-embedded tissues were 
sectioned at 5 jtm for staining with hematoxylin/eosin or other 
techniques. Immunostaining for bound human annexin V was 
performed with a rabbit anti-serum raised against human 
placental annexin V and affinity purified with recombinant 
annexin V coupled to Affi-Gel (Bio-Rad). Immunohistochem- 
ical detection then was completed by sequential incubations 
with biotin-labeled goat anti-rabbit antibody and avidin- 
horseradish peroxidase complex (Jackson Immuno Research), 
followed by reaction with 3,3'-diaminobenzidine as described 
by Bindl and Warnke (24). 

For the detection of apoptotic nuclei, sections were stained 
using a modification of the terminal deoxynucleotidyltrans- 
ferase-mediated UTP end labeling (TUNEL) method de- 
scribed by Gavrieli et al (25). After inhibition of endogenous 
peroxidase, deparaffinized sections were digested with pro- 
teinase K (20 jxg/ml) for 15 min at room temperature. Sections 
were then incubated with A exonuclease (Life Technologies, 
Gaithersburg, MD) at 5 unit/ml for 30 min at 37°C followed 
by equilibration with terminal deoxynucleotidyltransferase 
reaction buffer (0.2 M potassium cacodylate, 25 mM Tris-HCL, 
0.25 mg/ml BSA, 1.5 mM CaCl 2 , 20 mg/ml polyvinylpyrroli- 
done, and 20 mg/ml Ficoll) and 5 /xM dATP. The end-labeling 
reaction then was performed in terminal deoxynucleotidyl- 
transferase reaction buffer also containing a final concentra- 
tion of 75 unit/ml of terminal deoxynucleotidyltransferase and 
100 /xM of l^V-6-ethenol-dATP (Sigma). After a 60-min 
incubation at 37°C, the reaction was quenched via rinsing with 
1 X SSC (standard saline citrate). Sections were then incubated 
with murine 1G4 mAb (gift from Regina Santella, Columbia 
University), which recognizes the ethenoadenine moiety (26). 
Subsequent immuno-histochemical detection was as described 
above, using a biotin-labeled goat anti-mouse antibody. 

RESULTS 

Biodistribution of Radiolabeled Annexin V in Fulminant 
Hepatic Apoptosis. There was a 134% and 304% increase in 
the hepatic uptake of 99m Tc HYNIC-annexin V above controls 
at 1 and 2 hr after anti-Fas antibody injection, respectively, as 
determined by biodistribution studies (Table 1). Hepatic up- 
take was inversely proportional to renal uptake in treated mice 
with a 75% decrease in renal activity 2 hr after treatment. Of 
note, there was <5% excretion of administered radiopharma- 
ceutical into the urine in control or treated animals. Splenic 
uptake was 108% and 54% above control values in the 1- and 
2-hr treatment groups, respectively. 

Subgroups of mice were co-injected with 125 I-HSA to con- 
trol for nonspecific uptake of inert protein from the circulation 
caused by hepatic endothelial cell breakdown (27). Hepatic 
uptake was 120% above control values at 1 hr after anti-Fas 
antibody injection and remained unchanged in contrast to the 
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A) 


99m Tc 


Controls 


1-hr anti-Fas 


2-hr anti-Fas 




% ID 


(n = 9) 


(n = 15) 


(« = 12) 




Liver 


12.2 ± 1.4 


28.6 ± 9.4** 


49.3 ± 12.7*** 




Kidneys 


55.9 ± 8.9 


35.2 ± 14.4** 


14.0 ± 10.0*** 




Spleen 


1.6 ± 0.25 


3.34 ± 1.42* 


2.46 ± 1.22(ns) 


B) 


125! 


Controls 


1-hr anti-Fas 


2-hr anti-Fas 




% ID 


(n = 4) 


(« = 6) 


(n =5) 




Liver 


3.98 ± 1.09 


8.77 ± 3.53* 


8.4 ± 1.92* 




Kidneys 


1.37 ± 0.35 


1.88 ± 0.37(ns) 


1.82 ± 0.38(ns) 




Spleen 


0.39 ± 0.09 


0.47 ± 0.15(ns) 


0.37 ± 0.04 l(ns) 


Q 


Weight 


Controls 


1-hr anti-Fas 


2-hr anti-Fas 




(grams) 


(n = 9) 


(n = 15) 


(« = 12) 




Liver 


1.06 ± 0.097 


1.29 ± 0.32(ns) 


1.37 ± 0.22* 




Kidneys 


031 ± 0.061 


0.32 ± 0.079(ns) 


0.37 ± 0.072(ns) 




Spleen 


0.12 ± 0.022 


0.12 ± 0.02(ns) 


0.11 ± 0.014(ns) 



vo nijccicu uuw per urgan corrected ior oacKgrouna, aecay, and tail inhltration are listed for mice 
injected with 100-150 /xCi (radiopurity >95%, specific activity 150-200 /xCi/Vg protein) of Wm Tc 
HYNIC-annexin co-injected with 0.6 /iCi (25 mg) of 125 I radiolabeled HSA. A) Biodistribution of Tc 
HYNIC-annexin V, B) 125 -HSA, and C) Organ weight. Data are expressed as mean ± standard error of 
the mean. P-values are shown in parenthesis () for Dunnett's test for multiple comparison of means of 
the 1- or 2-hr post-treatment groups compared with control, ns, not significant (i.e., P-value > 0 05)- * 
P < 0.05; **, P < 0.001; P < 0.0001. ' 



progressive rise in annexin V uptake. There was a 29% 
increase in liver weight at 2 hr. Renal and splenic weight and 
uptake of 125 I-HSA did not change significantly after treat- 
ment. 

Sections of livers from mice treated with anti-Fas antibody 
showed a spectrum of nuclear changes characteristic of apo- 
ptosis (margination of chromatin, pyknosis, and karyorrhexis) 
as early as 1 hr after injection; changes were more pronounced 
and focally associated with hemorrhage (peliosis) 2 hr after 
treatment (Fig. L4). Immunostaining for 99m Tc HYNIC- 
annexin V was observed at the cytoplasmic border of apoptotic 
hepatocytes; although this result was focal, the localization 
pattern is consistent with PS externalization, and staining 
never was observed in normal hepatocytes (Fig. IB) or in 
anti-Fas antibody-treated mice not injected with 99m Tc 
HYNIC-annexin V (data not shown). 

In Vivo Imaging of Fas-Mediated Fulminant Hepatic Apo- 
ptosis. A high concentration of radiolabeled annexin V activity 
was observed by scintillation camera imaging in the kidneys of 
control animals with minimal concentration in other organs 
(Fig. 2). Hepatic uptake in control mice [12% of injected dose 
(% ID)] did not permit clear delineation of the liver. In mice 
treated with anti-Fas antibody, there was a diffuse increase in 
the intensity of hepatic uptake of " m Tc HYNIC-annexin V 
observed at 1 hr, which continued to rise at 2 hr after 
treatment. The transient increase in splenic uptake and the fall 
in renal activity found in the biodistribution studies both were 
visualized readily with external imaging following anti-Fas 
treatment. A total of 19 mice (six control, seven 1-hr, and sue 
2-hr anti-Fas-treated animals) underwent biodistribution study 
after imaging with ""Tc HYNIC-annexin V. The percentage 
of whole body activity per organ determined by region of 
interest (ROI) image analysis correlated well with the per- 
centage of injected dose per organ determined by biodistri- 
bution (linear correlation coefficients for the liver, kidney, and 
spleen of r 2 = 0.853, 0.860, and 0.979, respectively.) 

There was no perceptible difference in liver, renal, or splenic 
uptake on the " m Tc-HSA images between the treated mice 
and controls (images not shown). There also was a direct 
correlation of observed uptake of ""Tc-HSA as seen by ROI 
image analysis and the biodistribution of 99m Tc-HSA (data not 
shown), which mirrored the biodistribution of 125 I-HSA. 

In Vivo Imaging of Cardiac Allograft Rejection. All of the 
PVG cardiac allografts (n = 4) were visualized easily with 
Wn Tc HYNIC-annexin V 5 days after transplantation (Fig. 3). 



ACI syngeneic cardiac isografts (n = 3) had no visible activity 
after injection of 99m Tc HYNIC-annexin with uptakes of 




Fig. 1. Histologic sections of murine liver immunostained for 
exogenously administered human annexin V. (A) Two hours after 
anti-Fas antibody treatment there is extensive apoptotic nuclear 
change, slight cytoplasmic retraction, and interstitial hemorrhage. 
Annexin V staining (brown immunostaining product) is focally present 
at the cytoplasmic border of apoptotic hepatocytes. (£) No hepatocyte 
staining was observed in untreated mice. Staining of bile duct epithe- 
lium was caused by antibody cross-reactivity because it also was seen 
in the absence of exogenously administered human annexin V (data 
not shown). (Diaminobenzidine immunostain with hematoxylin coun- 
terstain, X40 objective magnification.) 
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Fig. 2. Imaging Fas-mediated fulminant hepatic apoptosis with 
radiolabeled annexin V. One hour after injection of 150 of 
radiopharmaceutical (50 jig/kg of protein) mice were imaged in the 
prone anterior projection. There was a progressive increase in " m Tc 
annexin V uptake of the liver of mice at 1 and 2 hr after anti-Fas 
antibody injection. Liver activity (L) was 111% and 239% above 
control values in the 1- and 2-hr mice, respectively, as shown by region 
of interest image analysis. Kidney activity (K) was 70% and 64% below 
control values in the 1- and 2-hr mice, respectively. Splenic activity (*) 
was 168% and 45% above control values in the 1- and 2-hr mice, 
respectively. 

radiopharmaceutical identical to native cardiac activity as 
confirmed by scintillation well counting (data not shown). The 
percentage of whole body activity of PVG allografts was 213% 
above ACI isograft activity (P < 0.005; using a two-tailed 
student's t test) determined by ROI image analysis. Scintilla- 
tion well-counting assay revealed a > 11-fold increase in " m Tc 
HYNIC-annexin V uptake in PVG allografts as compared with 
native heart activity. 

Sections of PVG cardiac allografts 5 days after transplan- 
tation showed a marked mononuclear inflammatory cell in- 
filtrate in all animals; no infiltrate was observed in syngeneic 
or native hearts. The infiltrate surrounded areas of myocardial 
injury and was associated with thrombosis of myocardial 
vessels. In the center of these areas, there was frank necrosis, 
with no staining by hematoxylin, but at the periphery, there 
were nuclei with changes of apoptosis as confirmed by TUNEL 




Fig. 3. Imaging cardiac allograft rejection with radiolabeled an- 
nexin V. Representative images of abdominal cardiac syngeneic ACI 
isograft and PVG allograft in ACI host rats 5 days after transplanta- 
tion. Rats were imaged in the prone anterior projection 1 hr after 
injection with 900 ^Ci of ""Tc-annexin V. Location of transplanted 
hearts are marked by arrows. Intense uptake of 99m Tc HYNIC-annexin 
V was observed in the cardiac allograft animal (Right) as compared 
with the lack of visualization of the syngeneic cardiac isograft (Left). 
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staining (Figs. 4 A and B). Immunostaining for "Tc HYNIC- 
annexin V was observed in a granular pattern in cardiac 
myocytes at the junction of inflamed and necrotic areas; the 
nuclei of these cells were stained still by hematoxylin, further 
suggesting that they were apoptotic rather than necrotic (Fig. 
5A). Anti-annexin V staining was far more extensive in terms 
of the number of positive myocytes and intensity compared 
with TUNEL. Anti-annexin staining was heavy and clumped in 
frankly necrotic areas as expected (Fig. 5A) but was specific; 
no staining was observed in syngeneic or native hearts or in 
staining of allografted hearts in which the primary antibody 
was omitted (Fig. 55). 

In Vivo Imaging of Treated Murine Lymphoma. Untreated 
flank tumor implants (n = 8) were seen easily by scintillation 
camera imaging (Fig. 6) and had an annexin V uptake 365% 
above normal soft tissue activity as shown by ROI image 
analysis. Treated flank tumors (n = 6) showed readily visual- 
izable increases in 99m Tc HYNIC annexin V activity of 78% 
above control values expressed as whole body activity per gram 
of tumor (P < 0.05 using a two-tailed student's / test for 
significance). This result was confirmed by scintillation well 
counting in which treated tumors demonstrated a 132% in- 
crease in annexin V uptake expressed as percentage of injected 
dose per gram of tumor (P < 0.05) with a 58% fall in weight 
(P < 0.05) compared with the control. The whole body activity 
per gram of tumor as seen by ROI image analysis linearly 
correlated to percentage of injected dose per gram of tumor 
determined on biodistribution study (r 2 = 0.831). Histologic 




Fig. 4. Staining for apoptotic nuclei in allografted rodent heart 5 
days after transplantation. (A) TUNEL staining showing apoptotic 
nuclei and fragments in some myocytes bordering areas of necrosis 
(myocytes without visible nuclei in upper half of field). (B) TUNEL 
positive nuclei and fragments within inflammatory infiltrate (right half 
of field) and in some myocytes bordering regions of inflammation. 
(Diaminobenzidine immunostain with hematoxylin counterstain, X40 
objective magnification.) 
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Fig. 5. Immunostaining for exogenously administered human an- 
nexin V in allografted rodent heart 5 days after transplantation. (A) 
Immunostaining with an antibody to human annexin V shows dense, 
granular staining of apoptotic myocytes at the periphery of the 
inflammatory infiltrate. Staining of necrotic myocytes (myocytes 
without visible nuclei) was clumped heavily and central. (£) Immu- 
nostaining of area similar to that shown in A omitting the primary 
antibody, shows no reaction product. (Diaminobenzidine immunostain 
with hematoxylin counterstain, X40 objective magnification.) 

analysis demonstrated virtually complete (>95%) apoptosis of 
all lymphoblasts in treated tumors with <5% apoptotic cells in 
controls (data not shown). 

DISCUSSION 

These experiments indicate that exposure of PS on the surface 
of cells undergoing apoptosis can be detected in vivo with 
radiolabeled annexin V in animal models including Fas- 
mediated fulminant hepatitis, cardiac allograft rejection, and 
tumor response to treatment. ""To HYNIC-labeled annexin 
V radionuclide imaging demonstrated clear and specific local- 
ization to regions of apoptotic cell death. As has been shown 
for annexin V reagents in vitro, annexin V radionuclide 
imaging can provide a tool which can directly assess for early 
stages of programmed cell death, before membrane vesicle 
formation and DNA degradation particularly as measured by 
the TUNEL method (7, 8). Imaging of tissues undergoing 
apoptosis could be helpful in monitoring the efficacy of 
therapy of diseases associated with abnormal induction or 
inhibition of programmed cell death. Apoptosis appears to 
play an important role in autoimmune and neurodegenerative 
diseases, cardiomyopathy, myocarditis, cerebral and myocar- 
dial ischemia, infectious diseases, cancer, viral induced hepa- 
titis, and organ and bone marrow transplant rejection (1). 

The numerous anti-annexin V positive-staining myocytes 
found in rejecting rodent heart transplants with nuclei which 




Fig. 6. Imaging treated murine lymphoma with radiolabeled an- 
nexin V. CH3.HeN mice 14 days after implantation of 38C13 murine 
B cell lymphoma s.c. into the left flank were treated with 100 mg/kg 
of cyclophosphamide injected i.p. Twenty hours after treatment mice 
were injected with 150 ,xCi of 99m Tc HYNIC annexin V (50 u,g/kg of 
protein). One hour after administration of Wm Tc HYNIC annexin V 
mice were imaged in the prone anterior projection. Treated tumor 
demonstrated uptakes of 363% and 454% above control seen by region 
of interest analysis and biodistribution assay, respectively. Control 
tumor weight = 1.29 grams, treated tumor weight = 0.82 grams. L, left; 
R, right. 

were only occasionally TUNEL positive implies that radiola- 
beled annexin V imaging may be superior to standard his- 
topathologic assessments of apoptosis. These data suggests a 
far greater role for programmed cell death in cardiac allograft 
rejection than previously reported (28-32). Anti-annexin V 
staining of apoptotic myocytes (with or without TUNEL 
stained nuclei) was diffusely granular in appearance in contrast 
to the peripheral pattern of apoptotic hepatocytes. This pat- 
tern of exogenous annexin V localization may relate to the 
unique cellular morphology of myocardial tissue; the extensive 
sarcoplasmic reticulum, which communicates with the extra- 
cellular space, also may be capable of externalizing PS during 
apoptosis. 

The ability of annexin V to bind to necrotic cells in vivo and 
bind to PS located in the inner leaflet of the plasma membrane 
is confirmed by finding heavy and clumped anti-annexin V 
staining in frankly necrotic areas in cardiac allografts. As a 
result, annexin V localization in vivo does not appear to be 
entirely specific for apoptosis. In the clinical setting, however, 
the ability of radiolabeled annexin V to noninvasively image 
both apoptosis and necrosis may prove useful in reducing the 
need for routine surveillance through endomyocardial biopsy 
after cardiac transplantation, which currently is the only 
reliable clinical means to diagnose acute transplant rejection 
(33, 34). Furthermore, radiolabeled annexin V imaging of the 
entire myocardium may provide diagnostic information supe- 
rior to endomyocardial biopsy, which necessarily can only 
sample a limited region within the right ventricle. 

These studies also demonstrate that radiolabeled annexin V 
imaging can detect an increase in PS exposure associated with 
apoptosis of implanted murine flank lymphomas after cyclos- 
phosphamide treatment. Estimates of the degree of cell death 
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during the first week of induction therapy using bone marrow 
aspirates has been shown to provide prognostic information in 
childhood leukemia (35, 36). Other investigators have shown a 
direct relationship between the degree of apoptotic cell death 
and subsequent tumor growth delay in murine models of 
lymphoma (37, 38). To date, the only noninvasive imaging 
method shown to detect apoptosis in vivo has been lipid proton 
NMR spectroscopy (5, 6). Lipid proton NMR spectroscopy, 
however, has inherent problems with magnetic susceptibility 
outside the central nervous system and has relatively low 
sensitivity. 

Kidneys in control animals have marked uptake of ^Tc 
HYNIC annexin V. The high renal concentration did not 
preclude the imaging of other major organs undergoing apo- 
ptosis. The cellular site of binding is uncertain, but preliminary 
autoradiographs suggest the renal distribution of annexin V is 
cortical. The specific mechanism of renal cortical binding is 
uncertain but may relate to the intrinsic lipid profile of the 
kidney, in which there is a significantly higher concentration of 
PS in the cortex as compared with the papillary regions (39). 

The initial increase of 125 I-HSA hepatic uptake after anti- 
Fas treatment is most likely caused by an expanded extracel- 
lular fluid volume from the early breakdown of hepatic 
endothelial cells as described by Lacronique et al. (27) and is 
confirmed by an increased hepatic weight of these treated 
animals. The initial increase of 125 I-HSA hepatic uptake, which 
subsequently remained unchanged, is in marked contrast to the 
progressive rise of radiolabeled annexin V hepatic uptake, 
which was specific for increasing numbers of apoptotic hepa- 
tocytes. 

In summary, this study demonstrates the utility of " m Tc- 
radiolabeled annexin V for in vivo imaging of PS expression 
associated with apoptosis. Serial noninvasive assessments of 
PS externalization with radiolabeled annexin V may provide a 
more sensitive and rapid means of monitoring disease pro- 
gression, determining treatment efficacy, and diagnosing a 
number of human disorders than is currently possible in the 
clinical setting. 
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Apoptotic cell d ath: 

its implications for imaging in the next mill nnium 
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Abstract. Apoptosis, also known as programmed cell 
death, is an indispensable component of normal human 
growth and development, immunoregulation and homeo- 
stasis. Apoptosis is nature's primary opponent of cell 
proliferation and growth. Strict coordination of these two 
phenomena is essential not only in normal physioloey 
and regulation but in the prevention of disease. Pro- 
grammed cell death causes susceptible cells to undergo a 
series of stereotypical enzymatic and morphologic 
changes governed by ubiquitous endogenous biologic 
machinery encoded by the human genome. Many "of 
these changes can be readily exploited to create macro- 
scopic images using existing technologies such as lipid 
proton magnetic resonance (MR) spectroscopy, diffu- 
sion-weighted MR imaging and radionuclide receptor 
imaging with radiolabeled annexin V. In this review the 
cellular phenomenon of apoptotic cell death and the im- 
aging methods which can detect the process in vitro and 
in vivo are first discussed. Thereafter an outline is pro- 
vided of the role of apoptosis in the pathophysiology of 
clinical disorders including stroke, neurodegenerative 
diseases, pulmonary inflammatory diseases, myocardial 
ischemia and inflammation, myelodysplasia disorders 
organ transplantation, and oncology, in which imaging 
may play a critical role in diagnosis and patient manage*"- 
ment. Objective imaging markers of apoptosis may soon 
become measures of therapeutic success or failure in 
both current and future treatment paradigms. Since apop- 
tosis is a major factor in many diseases, quantification 
and monitoring the process could become important in 
clinical decision making. 

Key words: Apoptosis - Programmed cell death - Imag- 
ing methods 
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Introduction 

What is apoptosis? 

In the yin and yang of existence, it is no surprise that na- 
ture has arranged for the orderly demise of cells that 
have completed their useful function. The programmed 
disappearance of cells, apoptosis. occurs unoer both 
physiologic and pathologic circumstances. Two exam- 
ples of physiologic programmed cell death are the disap- 
pearance of cells when growth factor stimuli are with- 
drawn (an integral component of the menstrual cycle) 
and the deletion of activated immune cells when cells 
have completed their assigned task. 

When apoptosis is dysregulated. i.e.. there is too little 
or too much programmed cell death, disease often ensues 
[1-6]. Diseases associated with excessive apoptosis in- 
clude AIDS, neurodegenerative disorders (Alzheimer's 
disease), myelodysplasia syndromes (aplastic anemia 
thalassemia), ischemia/reperfusion injury, progression of 
heart failure in cardiomyopathies, viral infections 
(chronic hepatitis), toxin-induced liver disease organ 
transplant rejection, graft versus host disease, and adult 
respiratory distress syndrome (particularly when associ- 
ated with toxic shock). Diseases associated with too little 
apoptosis include cancer and autoimmune disorders 
Successful treatment of neoplasms with drugs or radia- 
tion induces apoptosis in the lesion. 

Apoptosis is defined as "the dropping of a petal or 
leaf from a flower or tree." Kerr et al. [7] originally 
coined this term to define the series of morphologic 
changes in adrenal tissue when ACTH is withdrawn The 
withdrawal of ACTH causes adrenal cells to fragment in- 
to small, variably sized vesicles (apoptotic bodies) 
Neighboring cells or phagocytes then ingest the apoptot- 
ic bodies, resulting in the disappearance of the cell with- 
out an inflammatory response. The outcome of this pro- 
cess is the controlled removal of senescent, unwanted, or 
deleterious cells without inciting an inflammatory reac- 
tion that might damage adjacent healthy cells and extra- 
cellular matrix (Fig. 1). The process of orderly cell auto- 
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Fig. 1. Sequence of morpho- 
logic changes in apoptosis. Ini- 
tially (upper panel) the cell is 
normal. Following the initia- 
tion of apoptosis. chromatin 
clumping and cytoplasmic con- 
densation occur {middle panel). 
In the late phase of apoptosis 
(bottom panel) the cell begins 
to form apoptotic bodies and 
DNA is fragmented with for- 
mation for DNA laddering (as 
indicated on gel electrophore- 
sis) 
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•Membrane function - Normal 
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fragmentation is governed by a cascade of enzymatic ac- 
tivity. Although the original observation suggested that 
apoptosis is caused by a withdrawal of growth factors, it 
is now known that a wide array of exogenous or endoge- 
nous stimuli [8-12] can trigger the process. 



Mechanism of apoptosis 

Apoptosis is initiated when there is a disturbance in the 
local environment of the cell. Cells are constantly bathed 
in a sea of life-reinforcing stimuli, such as growth fac- 
tors, and death signals such as tumor necrosis factor. A 
shift in the balance of these factors with either a decrease 
in survival factors or a marked increase in death signals 
can initiate apoptosis. Withdrawal of growth factors, se- 
vere mitochondrial damage, attempting mitosis in the 
presence of irreparable DNA damage, activation of cel- 
ular Fas receptors by Fas Iigand expressed on activated 
lymphocytes, hypoxia, heat, cold, chemical injury (che- 
motherapy), or significant doses of ionizing radiation 
(causing DNA injury) can result in apoptosis. 

Once apoptosis has been triggered, one of several en- 
zymatic cascades is initiated to achieve the orderly de- 
struction of DNA and the dissolution of other cellular el- 
ements. A major pathway involves a group of cysteine 
proteases, the "caspases". Caspase activation precedes 
morphologic changes. At the time of caspase activation, 
cells destined for apoptosis appear to signal their neigh- 
bors by expressing phosphatidylserine (PS) on the cell 
surface [13]. PS, along with phosphatidylethanolamine. 
sphingomyelin, and phosphatidylcholine, is a normal 
constituent of the cell membrane. In contrast to the other 
cell membrane constituents, PS is restricted to the inner 
leaflet of the cell membrane. This constraint on PS dis- 
tribution is the result of two enzymes, translocase and 



floppase. which actively pump PS to the inner leaflet and 
the other lipids out. Activation of caspase is associated 
with inactivation of these membrane pumps, and activa- 
tion of an enzyme, scramblase. which equilibrates the 
membrane lipids on the inner and outer leaflet of the cell 
membrane - resulting in the rapid appearance of PS on 
the outer leaflet of the membrane [14. 15]. Once the 
caspases are activated and PS is expressed, the execution 
phase of apoptosis occurs. Cellular cytoplasm condenses 
nuclear DNA is degraded into 180-kDa pieces and the 
cell fragments into membrane-covered pieces (each ex- 
pressing PS on the surface) for phagocytosis [16] (Fig. 1, 
"Late Apoptosis". bottom panel). 

Methods to image apoptosis in vivo 

Annexin V 

Annexin V [17. 18] is an endogenous human protein 
which binds to membrane-bound PS with an affinity of 
about 10-" M. Annexin V. labeled with fluorescein dye 
has been used to detect PS expression in studies of apop- 
tosis in hematopoietic cell lines, neurons, fibroblasts en- 
dothelial cells, smooth muscle cells, carcinomas 
lymphomas, and all embryonic cell types, as well as non- 
mammalian plant and insect cells [19]. Annexin V has 
also been radiolabeled by iodination and coupling to 
linker molecules such as a diamide dimercaptide (N,S,) 
[20] or hydrazino nicotinamide [20]. The universality of 
annexin V binding to various cell lines is due to the com- 
position of the phosphoserine head group of PS (the site 
of annexin V binding), which is identical in all multicel- 
lular organisms. In vitro cell binding studies demonstrate 
a 20-fold increase in annexin concentration in cells un- 
dergoing apoptosis compared with control cells. 
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A) % l.D./organ* 
Brain 

Lungs 

Heart 

Liver 

Spleen 

Kidneys 

Stomach 

B) % LD./gram* 
Small intestine 
Colon 

Skeletal muse. 
Bone marrow 
Blood 



1 0 nun (/i=6) 30 min (w=7) 1 h («=7) 



3 h (n=6) 



0.0681 ±0.0202 

2.611±0.367 

0.372±0.0726 

20.8±1.I79 
4.64+0.459 

29.2±6.05 
0.25±0.056 

0.144±0.066 

0.082±0.066 

0.035+0.009 

2.13±0.52 

1.38±0.34 



0.0197+0.0035 
1.558±0.191 
0.150+0.048 
15.8±2.67 
4.08±1.089 
33.5±8.02 
0.376±0.038 

0.114+0.048 

0.054+0.013 

0.024±0.007 

1.55+0.72 

0.306+0.098 



0.0149±0.003 

I.000±0.30 

0.135+0.033 

21.6+4.12 
4.75+1.22 

45.6+5.48 
0.51±0.165 

0.128±0.059 

0.052+0.014 

0.026+0.008 

2.083+0.57 

O.215±O.O90 



0.0093+0.0009 
0.821±0.085 
0.134±0.0165 
I7.97±1.36 
4.12+0.571 
47.4±2.90 
O.38±0.138 

0.129+0.011 

0.082±0.039 

0.022+0.002 

1.98+0.374 

0.107+0.013 



5S« Ml f CrTOr tlSSUC "* ° rgan SampICS fr ° m Contro1 Sprague-Dawlev rats 10 min 
30 mm. 1 h and 3 h after mjection of 25 M g/kg of ^Tc-HYNIOannexin V f50O-600 rfS/ammaft 

it d T g f "; Tc - tn H C,ne C0 T^ e melhod ^ted via tail vein. Samples were J5?mS 
placed in 3-ml tubes and counted B 

» Mean percentage of injected dose (9H.D.) per organ (% I.DVorgan) 
Mean percentage of injected dose per gram of tissue (%I.D./g) 



Tait and colleagues utilized radiolabeled annexin V to 
detect increased PS expression which occurs when plate- 
lets are activated in acute thrombosis [21]. Blankenberg 
and colleagues utilized radiolabeled annexin to detect 
apoptosis in vivo in animal models of transplant rejec- 
tion, hypoxic cerebral injury, tumor therapy and Fas in- 
duced apoptosis [22, 23]. 

Following intravenous administration of radiolabeled 
annexin V, the agent is cleared from the blood with a 
half-time of less than 5 min. and is concentrated primari- 
ly in the kidneys and to a lesser degree in the liver. A 
summary of annexin biodistribution in rodents is pre- 
sented in Table 1. Apoptosis induced by stimulation of 
the Fas/Fas ligand system, transplant rejection, or che- 
motherapy in tumor-bearing animals has been visualized 
with technetium-99m labeled annexin imaging. 

The minimal cell mass required for successful detec- 
tion of apoptosis by in vivo imaging is not known. How- 
ever, in studies of heart transplant rejection by Vriens et 
a!., histologic evidence of apoptosis was present in 
<10% of cells at the time when annexin imaging demon- 
strated remarkable focal localization in the transplant 
(see later discussion of heart transplant rejection). It is 
likely that single-photon imaging will require significant 
apoptosis (in at least 10% of cells) to detect the process 
in a small mass of tissue (-2-3 g). If the extent of the le- 
sion involves a larger mass of tissue, such as the major 
portion of an organ, less extensive apoptosis will be de- 
tectable. It is likely that the contrast of annexin images 
will be enhanced if the protein is labeled with fluorine- 
18 and data recorded with positron tomography. 

In addition to radionuclide imaging with radiolabeled 
annexin, other imaging modalities, such as magnetic res- 



onance (MR), have been utilized to detect apoptosis in- 
vivo. 



MR lipid spectroscopy and diffusion-weighted 
MR imaging 

Since 1982 numerous in vitro and in vivo MR studies 
have documented the presence of a narrow and intense 
resonance in the 1.3-ppm region of the lipid proton spec- 
tra from cultured tumor, embryonic, and stimulated lym- 
phocyte cell lines and solid, experimental and human tu- 
mors [24. 25]. Of note, this resonance has been found to 
increase in solid tumors following treatment and the in- 
duction of apoptotic cell death. A rise in the 1.3-ppm 
resonance has also been observed acutely after hypoxic- 
ischemic injury of the cerebrum [26] and cerebral diffuse 
axonal injury due to child abuse [27] and has been found 
to be of prognostic significance. This resonance has now 
been recognized as representing the methylene proton (- 
CH r ) of mobile neutral lipid fatty acid chains within the 
plasma membrane bilayer in vitro [23. 24] and cytoplas- 
mic vesicles in vivo [28, 29], 

Coincident with the lipid rearrangements that permit 
both radiolabeled annexin V and proton lipid MR spec- 
troscopic imaging of apoptotic cells and tissues is the 
shrinkage of a cell's cytoplasmic volume. There is con- 
current increased cytoplasmic microviscosity and restric- 
tion of water motion [30]. This apoptotic phenomenon 
can be imaged by MR using diffusion weighted imaging 
fDWI), which tags and follows the motion (diffusion or 
ADC = the average diffusion coefficient) of individual 
water molecules [31]. The use of DWI to detect and 
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99m Tc-Annexin 



99m Tc-DTPA 



Fig. 2. Hypoxic brain injury due to transient occlusion of the right 
middle cerebral artery. Seven hours following occlusion/reperfu- 
sion. pinhole vertex view images of the head in intact adult rats 
were obtained after injection of annexin (left panel) to identify ap- 
optosis and DTPA (right panel) to identify areas of blood-brain 
barrier breakdown. There is no loss of blood-brain barrier inteeri- 
ty. but annexin uptake is seen in the right hemisphere (arrow) The 
nose is oriented cephalad on images 



track apoptotic cell death in vivo is only beginning to be 
studied and its ultimate clinical applicability! particularly 
outside the nervous system, remains to be defined. 

The following sections describe some specific diseas- 
es where apoptosis is known to play a significant role 
and where imaging the process may be helpful in clinical 
decision making. 



Central nervous system 

Stroke 

Hypoxic-ischemic injury (HII) in adults (stroke, multi- 
mfarct dementia) with delayed loss of gray and white 
matter is due to apoptosis [32]. Blankenbere et al. [33] 
have shown that moderate to severe injury, without evi- 
dence of blood-brain barrier breakdown, is associated 
with remarkable focal radiolabeled annexin uptake in an 
adult rat model of ischemic/reperfusion hemispheric in- 
jury (Fig. 2). Because the actual cell loss in these pa- 
tients is gradual (delayed with respect to the insult) there 
may be a therapeutic window to inhibit (or reverse) early 
apoptosis with pharmacologic blockade. Imaging with 
radiolabeled annexin V may be helpful in addressing this 
clinical problem since annexin V has virtually no back- 
ground uptake in the brain. 



lschemia/reperfusion injury in preterm/term infants 

HII in preterm infants is a major cause of cerebral palsy. 
Because of the immaturity of the centrifugal cerebrovas- 



SS^STSr fU,I "fT and -P re,erm neo "ates mani- 
rest HU m a different fashion than adults [34 35] p re 

term infants tend to suffer watershed ischemic injury in a 

periventricular distribution (periventricular leukomalacia 

or PVL) while term infants develop disease of their sub 

cortical white matter. The delayed cell loss of these inju- 

" e , 1 o< mediated by a P°P tosis P6]. In experimental ani- 
mals 99ra Tc-annexin imaging has clearly delineated these 
lesions in the absence of blood-brain barrier breakdown. 

Traditional imaging techniques do not provide the 
specificity needed to identify neonates at risk for devel- 
opment of cerebral palsy (which is usually diagnosed at 
2-3 years of age) who might benefit from these novel 
treatments in the first several days (or hours) of life Re- 
versible abnormalities seen by DWI MR associated with 
mild transient hemispheric HII resulted in multifocal re- 
gions of abnormal annexin V cerebral and cerebellar up- 
take in a neonatal rabbit model of global hypoxia [37]. 
Histology of these neonatal rabbit brains demonstrated a 
correlation between radiolabeled annexin V uptake and 
subtle scattered ischemic changes in the hippocampus 
penventncular/subcortical white matter. In the future 
neonates who are the products of a difficult labor or de- 
livery could be assessed for suspected HII damage with 
annexin V imaging to identify patients who might bene- 
fit from therapy. 



AIDS dementia/Alzheimer's disease 

Neuronal and glial cell apoptosis also occurs in acquired 
immune deficiency syndrome, in encephalitis with or 
without AIDS-reiated dementia and in neurodegenera- 
tive disorders, such as Alzheimer's and Parkinson's dis- 
ease [38]. The gradual loss of white and gray matter in 
Alzheimer's disease is primarily due to apoptosis. Imag- 
ing with radiolabeled annexin V could be helpful in the 
diagnosis and therapeutic management of this diverse 
group of patients. 



Lung disease 

High-resolution computed tomography (HRCT) of the 
chest has enhanced the detection^and characterization of 
disease processes affecting the interstitium of the lung 
[39]. Diseases such as idiopathic pulmonary fibrosis, 
desquamative interstitial pneumonitis. Pneumocystis ca- 
rmu pneumonia, lymphocytic interstitial pneumonia, fi- 
brosis in collagen vascular diseases, sarcoidosis, drug or 
allergic reactions, bronchiolitis obliterans, and bronchio- 
litis obliterans with organizing pneumonia [40] can be 
readily identified. These entities, however, all involve 
cell-mediated inflammation and activation of T lympho- 
cytes, at least in the acute/subacute settings. Although 
HRCT provides characteristic images, often obviating 
the need for confirmatory lung biopsy, HRCT cannot 
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quantify the degree of inflammation. The degree of in- 
flammation is important to define the best management 
of the process. Without specific information about in- 
flammation, clinicians manage these patients with pul- 
monary function tests, bronchoalveolar lavage, and serial 
chest radiography. 

Radiolabeled annexin V imaging of the chest may be 
of value to quantify cell-mediated inflammation and ap- 
optosis in the lungs. In a rat model of cell-mediated lune 
apoptosis, acute lung transplant rejection, radiolabeled 
annexin V localization was more sensitive than CT scan- 
ning in detecting the process. Other circumstances where 
apoptosis imaging may play a role include: adult respira- 
tory distress syndrome, which is in part induced by the 
release of tumor necrosis factor, a potent inducer of apo- 
ptotic alveolar cell death; bronchopulmonary dysplasia; 
neonates with pulmonary oxygen toxicity; cvstic fibro- 
sis; and asthma. In each case, the extent of apoptosis will 
indicate the effectiveness of therapy - if apoptosis is ex- 
tensive, therapy is not controlling the process. 

Heart 

Myocardial infarction and reperfusion injur}' 

Like the brain, cardiomyocytes undergo apoptosis in re- 
sponse to hypoxic-ischemic insults that are insufficient 
to induce frank necrosis [41] [e.g., the peripheral (pen- 
umbral) regions of an infarct or following reperfusion of 
an infarct]. Interestingly, the heart also displays cytoplas- 
mic lipid droplets, the presence of which con'fers'a poor- 
er prognosis in animal models of myocardial ischemia 
[42]. It is clear that agents which selectively inhibit acti- 
vation of the apoptotic enzymatic cascade decrease the 
degree of "infarction" in both the heart and brain in re- 
sponse to an ischemic insult [43, 44]. Preliminary studies 
of myocardial annexin localization in rats with acute 
myocardial infarction suggest that apoptosis plays a ma- 
jor role in cell death following acute coronary occlusion 
(S. Hasegawa and T. Nishimura, personal communica- 
tion). 




Fig. 3. Two rats with heterotopic hearts transplanted into the abdo- 
men, below the kidneys. One hour following injection of *>">Tc- 
annexin. anesthetized animals were placed prone on a high-resolu- 
tion parallel-hole collimator. Images of the syngeneic (left) and al- 
logeneic (right) transplants were recorded on the fourth dav after 
transplant. The bright area in the mid abdomen is the transplant 
undergoing rejection/apoptosis in the allogeneic animal. Some an- 
nexin is seen in the baldder of both animals 



event is particularly dangerous as the apoptotic endothe- 
lial cells expressing PS on their surface serve as throm- 
bogenic foci. 

It is unclear whether external imagine with *>T C _ 
annexin V will have sufficient resolution to define these 
lesions; however, if an intravascular probe were avail- 
able such lesions might be readily identified. An alterna- 
tive strategy may involve the use of radiolabeled MCP-1 
(monocyte chemotactic peptide), which has a molecular 
weight of approximately 13.000 [46]. MCP-1 selectively 
binds to "activated" macrophages and has shown prom- 
ise in detecting mononuclear infiltration in the subendo- 
theiial layers of mechanically traumatized arterial ves- 
sels. As activated monocytes/macrophaees are intimately 
involved in chronic inflammation. MCP-1 may be useful 
as a marker of infectious or noninfectious granulomatous 
inflammation throughout the body [47], 



Coronary disease and atherosclerosis 

Recent biochemical evidence strongly suggests that acti- 
vated monocytes/macrophages attracted by local vascu- 
lar endothelial damage and complement activation infil- 
trate the arterial vascular wall [45]. With continued in- 
flammation there is deposition of lipid at the site of inju- 
ry, formation of foam cells (lipid-laden macrophages) 
and formation of an atheroma. Within the plaque there is 
significant apoptosis involving the monocytes and mac- 
rophages infiltrating the lesion, smooth muscle cells at 
the base of the lesion, and, in unstable plaque, the endo- 
thelial cells forming the cap of the plaque. This last 



Myocarditis/cardiomyopathies 

Apoptotic cell death plays a major role in viral and auto- 
immune myocarditis and nonischemic cardiomvopathies 
[7]. Acute transplant rejection is primarily an' immune 
event mediated by alloreactive T lymphocytes. In a rat 
model ot acute cardiac transplant rejection, serial imaging 
with Wm Tc-annexin V successfully detected rejection [48] 
with an accuracy exceeding that of TUNEL staining of 
biopsy specimens (Fig. 3). Furthermore, when immuno- 
suppressive therapy with cyclosporine was initiated, the 
decrease in rejection was mirrored by a marked decrease 
in 99m Tc-annexin localization (Fig. 4). In light of this ex- 
perience with transplant rejection, annexin V imaging 
may also be helpful in the detection of apoptosis due to 
virally induced cardiomyopathies or other autoimmune 
diseases that affect the heart such as systemic lupus ery- 
thematosus, rheumatic fever, and Kawasaki's disease. 
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Fig. 4. Annexin imaging in 
acute cardiac transplant rejec- 
tion before and after cyclospo- 
rin therapy. The four panels 
depict whole body images on 
days 1,4. 10, and 18 after 
transplantation (each image 
was recorded 1 h after ""Tc- 
annexin injection). On day 1 
there is no annexin imaging ev- 
idence of apoptosis. The image 
on day 4 demonstrates ""Tc- 
annexin localization in the 
transplanted heart. Treatment 
with cyclosporin commenced 
on day 5, and by day 10 the an- 
nexin localization has dimin- 
ished. By day 18, annexin lo- 
calization has declined further 



Fig. 5. Whole body posterior 
images in rats 1 h following tail 
vein injection of 1 mCi of ra- 
diolabeled annexin V before 
and after treatment with 100 
mg/kg of cyclophosphamide 
administered intraperitoneal ly 
to ablate the bone marrow. One 
day later the animals were im- 
aged. Control animals are 
shown in the top panels and 
rats that had received cyclo- 
phosphamide 8-72 h before an- 
nexin imaging are shown in the 
bottom panels. The vertebral 
and peripheral marrow show 
increased localization (350%) 
following cyclophosphamide- 
induced apoptosis 
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Bon marrow diseases 

3-thalassemia, sickle-cell disease, aplastic anemia (my- 
elofibrosis), parvoviral infection (and many other viral 
infections), autoimmune diseases, toxins, radiation, and 
chemotherapy cause significant apoptosis in the bone 
marrow [7]. Bone marrow aspiration is required to deter- 
mine the degree of disease involvement of the bone mar- 
row [49]. We have shown that cyclophosphamide (a po- 



tent bone marrow suppressive and antitumor agent) treat- 
ment of otherwise normal adult rats induces a marked in- 
crease in bone marrow uptake of annexin V as compared 
with controls (Fig. 5). Based on this experimental obser- 
vation, it is likely that ongoing apoptotic bone marrow 
disease processes such as aplastic anemia may be detect- 
ed with annexin imaging. 



European Journal of Nuclear Medicine Vol. 27. No. 3. March 2000 



J intdis as s 

Autoimmune, crystal oppositional, and idiopathic arthro- 
pathies all appear to be intimately linked to apoptotic 
cell death of the synovial tissues [7]. Other than symp- 
tomatic improvement there are few objective measures 
with which to guide anti-inflammatory therapy. Efforts 
are underway to characterize and quantify the quality of 
hyaline cartilage using a number of MR techniques [501 
Annexin V (and probably MCP-1) imaging may in fact 
provide an objective measure of disease severity and an- 
ti-mflammatory treatment response. Additionally the 
gradual loosening and failure of joint prostheses appears 
to be direcdy linked to the apoptotic cell death of macro- 
phages which are activated in response to foreign debris 
[51]. Annexin V imaging may be useful in the manage- 
ment of these patients as well. e 
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Organ transplantation 

Annexin V can identify acute heart, lung, and liver trans- 
plant rejection in vivo [52]. The majority of transplant 
recipients, however, do not have acute graft rejection 
but instead suffer multiple clinically manifest and sub- 
clinical episodes of rejection. A combination of smolder- 
ing inflammation and a low level of apoptosis are some 
of the key findings in chronic rejection. The inflamma- 
tion and apoptosis are primarily manifest as accelerated 
vascular disease (atherosclerosis) in the graft. Graft vas- 
culopathy is a process that occurs over years, character- 
ized by perivascular mononuclear cell infiltration and 
apoptotic cell death. The chronicity of the process may 
be associated with such a low level of apoptosis that the 
process cannot be detected by annexin V imaging. 

Oncol gy 

The degree of cytoreduction in response to antitumor 
treatment(s) directly correlates with overall disease re- 
sponse, disease-free interval, and ultimate survival in a 
number of malignancies [53]. Depending on the type of 
malignancy the only measures of cytoreduction are gross 
shrinkage or disappearance of tumor as seen by anatomi- 
cal imaging with ultrasound, CT or MR imaging. Re- 
cently there has been a renewed interest in using proton 
lipid MR spectroscopy and DWI MR to assess the early 
treatment response of tumors [26-28]. Unfortunately, 
these techniques cannot give information except for re- 
gional areas of tumor involvement, particularly during 
induction therapy, when patients can be quite ill. In addi- 
tion DWI MR detection of tumoral apoptosis relies on 
the observable shrinkage of the cell cytoplasm during tu- 
mor cell death. However, many tumors respond to che- 
motherapeutic agents which specifically attack DNA 
such as doxorubicin (adriamycin), by cell swelling not 




Treated 
tumor in 
left thigh 

Fig. 6. Annexin V detection of necrotic versus apoptotic tumor 
cell death in flank tumors of mice following chemotherapy The 
Tf!T IVor'f demonstrated * greater than 363% increase in 
left flank 38C13 munne B cell lymphoma annexin V uptake 20 h 
after treatment with 100 mg/kg of cyclophosphamide (i.p.) com- 
pared w,th untreated flank lymphoma (animal on right) 

cell shrinkage. Therefore. DWI MR may give misleading 
results in vivo. This cell swelling is due to a metabolic 
cell death initiated by massive activation of a normally 
quiescent nuclear enzyme called poly-ADP-ribose poly- 
merase (PARP or PARS) [54]. PARP is generally activat- 
ed in the later stages of apoptosis and helps induce frae- 
mentation of a cell's DNA. Direct DNA damage by ion- 
izing radiation, or radical ion formation by agents such 
as doxorubicin or HII [55] in some circumstances can in- 
duce massive direct activation of PARP. Activated PARP 
utilizes NAD to form poIy-ADP ribose polymers. To re- 
place lost NAD stores a cell utilizes ATP and if PARP 
activation is of sufficient intensity, virtually all ATP 
stores of a cell will be rapidly depleted. A cell depleted 
of ATP w,|| simply swell and lose membrane integrity 
(necrosis). In an experimental model of lymphoma treat- 
ed with cyclophosphamide, therapy-induced apoptosis is 
readily visible with "Tc-annexin V imaging (Fig 6) 
Despite these different mechanisms of cell death annex- 
in V imaging will demonstrate the process because an- 
nexin V binds to cells expressing PS on the outer cell 
surface (apoptosis) or, alternatively, annexin can gain ac- 
cess to inner plasma membrane leaflet PS after the onset 
of irreversible membrane failure (PARP-mediated cell 
death). 
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